Broadband Radio Polarimetry and Faraday Rotation of 563 Extragalactic
  Radio Sources by Anderson, C. S. et al.
Draft version September 14, 2018
Preprint typeset using LATEX style emulateapj v. 5/2/11
BROADBAND RADIO POLARIMETRY AND FARADAY ROTATION OF 563 EXTRAGALACTIC RADIO
SOURCES
C. S. Anderson1,2,†, B. M. Gaensler1,3, I. J. Feain1,4, T. M. O. Franzen2,5
Draft version September 14, 2018
ABSTRACT
We present a broadband spectropolarimetric survey of 563 discrete, mostly unresolved radio sources
between 1.3 & 2.0 GHz using data taken with the Australia Telescope Compact Array (ATCA).
We have used rotation measure synthesis to identify Faraday complex polarized sources — i.e. ob-
jects whose frequency-dependent polarization behaviour indicates the presence of material possessing
complicated magnetoionic structure along the line of sight (LOS). For sources classified as Faraday
complex, we have analyzed a number of their radio and multiwavelength properties to determine
whether they differ from Faraday simple polarized sources (i.e. sources for which LOS magnetoionic
structures are comparatively simple) in these properties. We use this information to constrain the
physical nature of the magnetoionic structures responsible for generating the observed complexity. We
detect Faraday complexity in 12% of polarized sources at ∼ 1′ resolution, but demonstrate that un-
derlying signal-to-noise limitations mean the true percentage is likely to be significantly higher in the
polarized radio source population. We find that the properties of Faraday complex objects are diverse,
but that complexity is most often associated with depolarization of extended radio sources possessing
a relatively steep total intensity spectrum. We find an association between Faraday complexity and
LOS structure in the Galactic interstellar medium (ISM), and claim that a significant proportion of
the Faraday complexity we observe may be generated at interfaces of the ISM associated with ioniza-
tion fronts near neutral hydrogen structures. Galaxy clusters environments and internally generated
Faraday complexity provide possible alternative explanations in some cases.
Subject headings: techniques: polarimetric – galaxies: magnetic field – radio continuum: galaxies
1. INTRODUCTION
Magnetized plasma is central to our understanding of
important astrophysical processes in diverse cosmic en-
vironments. One of the key observational tools used to
study these plasmas is Faraday rotation. When linearly
polarized radiation passes through a magnetized thermal
plasma (a Faraday screen), its plane of polarization is ro-
tated according to
χobs = χ0 + RMλ
2
obs (1)
where χ0 and χobs are the emitted and observed polar-
ization angles, and λobs is the observing wavelength. The
magnitude of the effect is parameterized by the rotation
measure (RM). Defined as the gradient of χobs vs. λobs,
the RM of a source can be related to the electron den-
sity ne [cm
−3], magnetic field B [µG] and displacement
s [parsecs] between it and the observer as:
RM = 0.812
∫ telescope
source
neB.ds rad m
−2 (2)
RMs are routinely used to study Faraday screens in
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the radio jets of AGN (e.g. Hovatta et al. 2012), the
immediate vicinity of AGN (e.g. Go´mez et al. 2011),
the environment surrounding radio lobes (e.g. Rudnick
& Blundell 2003, Feain et al. 2009), intercluster mate-
rial (e.g. Feretti et al. 2012), intervening galaxies (e.g.
Kronberg et al. 1992, Bernet et al. 2008, Farnes et al.
2014b) or the Galactic interstellar medium (ISM) (e.g.
Taylor, Stil & Sunstrum 2009, Harvey-Smith et al. 2011,
Haverkorn 2014 and refs therein).
However, RMs alone can sometimes give an incomplete
(e.g. Farnsworth et al. 2011) or even erroneous (e.g.
O’Sullivan et al. 2012) picture of magnetoionic structure
along the LOS if a) a source is observed through a Fara-
day screen with non-uniformities in either ne or B, b)
there exists multiple synchrotron emitting regions along
the line of sight, each possessing different RMs, or c)
there is mixing of the synchrotron emitting and Faraday
rotating plasma a the source. To handle these situations,
Burn (1966) derived a more generally applicable math-
ematical framework as follows. First, a quantity known
as Faraday depth is defined by:
φ(L) = 0.812
∫ telescope
L
neB.ds rad m
−2 (3)
where L is the position along a line of sight (LOS).
Next, a complex polarization vector P is defined, related
to the Stokes parameters Q & U , the polarization angle
χ, the fractional polarization p and the total intensity I
as:
P = Q+ iU = pIe2iχ (4)
ar
X
iv
:1
51
1.
04
08
0v
1 
 [a
str
o-
ph
.G
A]
  1
2 N
ov
 20
15
2 Anderson et al.
The Stokes parameters are related to the polarization
angle by:
χ =
1
2
tan−1
(
U
Q
)
(5)
The observable linear polarization along a LOS is then
given by:
P (λ2) =
∫ ∞
−∞
F (φ)e2iφλ
2
dφ (6)
where F (φ) is the complex polarized surface brightness
per unit Faraday depth along the LOS, possessing units
of Jy m2 rad−3.
The range of possible behaviours that P (λ2) can show
can be divided into two broad categories. The first oc-
curs when F (φ) is non-zero at a single value of φ only,
which corresponds to polarized emission undergoing pure
Faraday rotation by a uniform Faraday screen in the
foreground. Eqns. 4, 5 & 6 show that under these cir-
cumstances χ(λ2) is linear (modulo pi radians), Stokes
Q(λ2)/I(λ2) & U(λ2)/I(λ2) vary sinusoidally, and p(λ2)
is constant. This is an idealization since a perfectly uni-
form Faraday screen will never be fully realized in Na-
ture. However, finite observational sensitivity can render
deviations from these behaviours undetectable, even for
polarized emission components with S/N ratios > 100
(O’Sullivan et al. 2012). For the purposes of our study,
we refer to sources as being Faraday simple when de-
viations from the behaviours described above are unde-
tectable. Note that this is an observational rather than
physical classification, in the same way that objects can
be classified as point sources in aperture synthesis images
despite having non-zero physical extent in reality.
In contrast, when F (φ) is non-zero at multiple val-
ues of φ, Stokes Q(λ2)/I(λ2) & U(λ2)/I(λ2), χ(λ2) and
p(λ2) must (or in the case of χ(λ2), can) deviate from
the idealized Faraday simple behaviours described above.
When we detect these deviations in sources, we refer to
them as being Faraday complex. While observations of
Faraday complexity are not new (e.g. Slysh 1965, Con-
way et al. 1974, Goldstein & Reid 1984), the capabil-
ity to detect Faraday complexity and characterize P (λ2)
has historically been limited by the narrow bandwidths
of previous generation radio telescopes, which typically
only allowed narrowband or sparsely sampled studies of
p(λ2) or χ(λ2). In recent years however, these limita-
tions have been substantially lifted by the advent of GHz-
bandwidth spectropolarimetry. Broadband studies now
suggest that Faraday complexity is commonplace among
polarized radio sources in the frequency range 300 MHz
– 3 GHz (Law et al. 2011, Farnsworth et al. 2011 and
O’Sullivan et al. 2012), while Farnes et al. (2014a) have
built on the results of Conway et al. (1974) to conclu-
sively show that most radio sources appear Faraday com-
plex when examined over ultra wide (∼ 10 GHz) bands.
Furthermore, broadband spectropolarimetric modelling
has allowed Law et al. (2011), O’Sullivan et al. (2012)
& Farnes et al. (2014a) to argue that in some cases,
complexity is generated internally to active galactic nu-
clei (AGN). If this turns out to be common, broadband
data from future surveys such as POSSUM (the Polariza-
tion Sky Survey of the Universe’s Magnetism; Gaensler
et al. 2009) will allow aspects of the magnetized struc-
ture of vast numbers of AGN to be resolved spectrally
rather than spatially, opening up entirely new avenues
for studying magnetic processes in these objects.
At the present time however, broadband analysis of
Faraday complexity remains in its infancy. The amount
of Faraday complexity observable in the radio source
population remains uncertain, in terms of both degree
and prevalence, especially among fainter, sub-Jy sources.
Little is known about whether different types of Fara-
day complexity exist, and if so, whether these differences
are associated with different types of sources. While the
aforementioned studies argue that complexity can be in-
ternally generated in radio sources, relatively few exam-
ples have been studied to date. It is therefore not clear
what proportion of sources this might apply to, nor is it
clear where complexity is generated along the LOS for
sources where it does not apply. In this work, we begin
to address these outstanding issues by performing a blind
survey for Faraday complexity with dense spectral sam-
pling from 1.3–2.0 GHz for a large sample of galaxies (563
sources). Based on the observed polarization data, we
classify each polarized source as either Faraday complex
or simple (i.e. no complexity is detected), then focus on
answering the following questions: How readily can we
detect Faraday complexity in sources using broadband
spectropolarimetric analysis techniques such as RM syn-
thesis? In what proportion of the general source popula-
tion do we detect complexity? Do the polarimetric and
non-polarimetric properties of Faraday complex sources
differ from those of Faraday simple sources? Is Faraday
complexity limited to particular types of sources? What
is the physical origin of the Faraday rotation responsible
for complexity in these objects?
Our paper is set out as follows. We describe our ob-
servations and their calibration in Section 2, our source-
finding procedure in Section 3, and our spectropolari-
metric analysis in Section 4. In Section 5 we describe
ancillary, non-spectropolarimetric characterization of our
sample. We present our results in Section 6. In Sec-
tion 7 we consider the prevalence of complex sources and
the physical nature of the complexity-inducing Faraday
screens. We summarize our work and present our con-
clusions in Section 8, and elaborate on technical aspects
of our work in an Appendix.
2. OBSERVATIONS AND CALIBRATION
We obtained mosaiced observations of a 30 deg2 region
of sky using the CABB correlator on the Australia Tele-
scope Compact Array (ATCA; Wilson et al. 2011). Our
observations were performed using the ‘CFB 1M’ mode,
which generates all polarization products from 1.1 to 3.1
GHz with 1 MHz channel widths. The mosaic consisted
of 342 pointings laid out in a hexagonal grid. This grid
spanned 7.5◦ in RA and 5.5◦ in Dec, and was centered on
RA = 03h29m40s & Dec = −36d16m30s (J2000) in For-
nax. The angular separation of the mosaic pointings was
0.323 degrees, and therefore spatially Nyquist-sampled
at 1.4 GHz. To obtain adequate uv coverage, we broke
the full mosaic up into 7 sub-mosaics and observed each
sub-mosaic on consecutive days. We completed the full
7-day observing run twice — once in each of the 1.5B
& 750B array configurations, from 2011 May 5th–11th
& 2011 June 10th–16th, respectively. Each pointing in
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the mosaic received an average integration time of 30
minutes divided between ∼ 20 uv cuts, resulting in a
theoretical sensitivity of ∼ 22 µJy beam−1 (over the full
2 GHz bandwidth, assuming six antennas and natural
weighting employed; the actual sensitivities achieved on
individual image & data products are listed in the rele-
vant sections).
We calibrated our data with miriad (Sault et al. 1995)
following standard procedures for CABB data. Prior to
the calibration, we flagged the data for antenna shadow-
ing and poor sensitivity at the band edges (100 channels
at each end). Radio-frequency interference (RFI) was
flagged iteratively during the calibration process using
the sumthreshold algorithm (Offringa et al. 2010).
The bandpass response and absolute flux scale were cal-
ibrated using daily observations of PKS B1934−638,
while PKS B0402−362 was observed at 60 minute in-
tervals to calibrate the time-dependent complex antenna
gains and on-axis polarization leakage. Independent cal-
ibration solutions were derived at 128 MHz intervals
across the full band due to the frequency dependence of
the gain and leakage solutions (Schnitzeler et al. 2011).
On the basis of analysis that we present in Appendix
A.2, we estimate that post-calibration, on-axis leakage is
limited to < 0.1% of Stokes I when averaged over the
band.
After applying the calibration to the target data, we
derived and cross-applied RFI flags for Stokes I, Q, U
& V . The sub-bands 1.1–1.35 GHz & 1.48–1.64 GHz
were heavily RFI-afflicted so we flagged them completely,
leaving a total usable bandwidth of 1.59 GHz in the 1.1–
3.1 GHz band. Outside the flagged bands, ∼ 35% of the
data were flagged.
3. SOURCE FINDING
We created a high sensitivity (∼ 60 µJy beam−1), 15”
resolution mosaic of the entire field to locate sources for
subsequent spectropolarimetric analysis. Data from indi-
vidual pointings between 1.35 and 2.1 GHz were imaged
using multifrequency synthesis then cleaned, restored,
primary beam-corrected and linearly mosaiced. We refer
to this mosaic henceforth as ‘the source finding image’.
The lower sensitivity of the source finding image (com-
pared to the theoretical sensitivity quoted in the preced-
ing section) is due to the robust= 0.5 weighting scheme
and the limited bandwidth employed in its creation.
We used selavy (Whiting & Humphreys, 2012) to de-
tect and catalogue sources with Stokes I flux densities
> 3 mJy beam−1 in the source finding image — a limit
imposed because robust detections of polarized emission
in fainter sources were unlikely. We estimate that the
positional uncertainty for all catalogued sources caused
by calibration errors and thermal noise is substantially
smaller than an arcsecond. We excluded sources lying
< 1◦ from the core of the bright radio galaxy Fornax
A from the catalogue due to sidelobe confusion and dy-
namic range errors generated by its radio lobes. Names
for each polarized source (sources are classified as polar-
ized or unpolarized in Section 6.1) and their RA & Dec
(J2000) positions are recorded in columns 1, 2 & 3 of
Table 1 respectively. We have also recorded the angu-
lar separation and position angle of each source from the
position of its nearest mosaic pointing centre in columns
4 & 5 of Table 1, which are required for our characteri-
zation of instrumental polarization (discussed in Section
4.3).
4. SPECTROPOLARIMETRIC ANALYSIS
4.1. Spectropolarimetric imaging
To obtain the frequency-dependent source flux densi-
ties required for our spectropolarimetric analysis, we gen-
erated a second set of mosaic images of the field in Stokes
I, Q, U & V at 8 MHz frequency intervals between 1.35
& 3.1 GHz. We refer to these as our ‘spectropolarimet-
ric images’. We chose an 8 MHz imaging sub-band to
achieve acceptable imaging times while preventing band-
width depolarization for Faraday depths of φ ≤ 4500 rad
m2. For each 8 MHz sub-band, we imaged each of the
342 mosaic pointings as follows:
We generated the Stokes I, Q, U & V dirty maps out
to 3 times the primary beam width (beyond which the
primary beam response is negligible) with 7 resolution
elements across the synthesized beam. We employed a
Briggs (1995) robust weighting scheme with robustness
= −2. We discarded data for baselines incorporating
antenna 6 (thereby reducing the resolution of the spec-
tropolarimetric images by a factor of ∼4 from that of
the source finding image — see below for final resolu-
tion) to decrease the amplitude of sidelobe structure and
to keep the image processing and data storage require-
ments achievable. The heavily RFI-affected visibilities in
the uv distance range 0 to 1 kλ were also discarded.
We deconvolved the dirty maps using clean. For
Stokes Q & U images, we imposed a flux density cut-
off threshold of 4 times the RMS noise of the Stokes V
map. For the Stokes I images, our dynamic range limit of
∼ 100 (limited by uv coverage) meant that clean some-
times diverged when deconvolving the brightest sources
in our field. To handle this, we set the clean cutoff
threshold for Stokes I images to whichever was greater
out of: a) 8 times the Stokes V noise or b) 1% of the
flux density of the brightest source in the field. This re-
sulted in sidelobes being cleaned to a level of ∼ twice
the noise level measured in Stokes V in almost all point-
ings — below the typical measured noise of ∼ 3–5 mJy
beam−1 in the Stokes I image at each frequency. Com-
pared to theoretical and source finding image sensitivities
quoted in Sections 2 & 3 respectively, the sensitivity of
our spectropolarimetric images is reduced mainly due to
the effect of the robust = −2 weighting scheme.
We created restored maps then smoothed them to a
common resolution of 90” × 45” — slightly lower than
the resolution of our images at 1.35 GHz produced under
the weighting scheme described above.
After imaging each of the 342 mosaic pointings in this
way, we primary beam-corrected and linearly combined
the maps to form the final mosaic image of the field at
each frequency.
4.2. Stokes parameter extraction
We extracted the frequency-dependent Stokes I, Q, U
& V flux densities for each source catalogued in Table 1
(Section 3) directly from the spectropolarimetric images.
We determined whether sources were resolved by assess-
ing the goodness of fit of a 90”× 45” Gaussian (i.e. the
restoring beam of the spectropolarimetric images) to the
source. The result is recorded in column 6 of Table 1. For
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unresolved sources, flux densities were extracted by mea-
suring the value of the image pixel centred on the source
positions obtained in Section 3. For resolved sources, we
generated an image mask for each source by smoothing
the source finding image to 90” × 45” and masking pix-
els for which the signal was < 5σ. We then applied this
mask to the Stokes I, Q, U & V spectropolarimetric mo-
saics at each frequency, summing the spectral brightness
in the unmasked regions to obtain the integrated flux
density for each Stokes parameter in units of Jy.
For both resolved and unresolved sources, the uncer-
tainties on the data were estimated via direct measure-
ment of the RMS noise adjacent to the source in the
Stokes I, Q & U clean residual images and the Stokes
V dirty map. These values were appropriately adjusted
for resolved sources to reflect the number of statistically
independent spatial regions sampled in the unmasked re-
gion.
4.3. Off-axis instrumental polarization
A robust protocol for calibrating off-axis polarization
leakage is not currently available for ATCA data. In-
stead, we used a statistical analysis of the target data
(described in Section A.2) to estimate upper limits on
the leakage as a function of both frequency and posi-
tion in the primary beam. On this basis, we excluded
from subsequent analysis data at frequencies > 2 GHz
and sources lying > 0.2◦ from the beam centre (the lat-
ter condition affected sources at the mosaic edges only).
While some frequency-dependent leakage persists in the
remaining data, its impact on our work is diminished
due to incoherent summation under RM synthesis (Sec-
tion 4.4). An analysis of each of the sources in the field
(also presented in Section A.2) shows that the maximum
polarization leakage that appears in RM synthesis spec-
tra is . 0.3% of Stokes I for sources . 0.16◦ from the
beam centre (which applies to > 80% of our sample).
Due to the limited number of sufficiently bright sources
& 0.16◦ from the beam centre, we can only derive a weak
leakage limit of < 1% of Stokes I for sources occupying
these beam positions.
4.4. RM synthesis and rmclean
RM synthesis (Brentjens & DeBruyn 2005, Burn 1966)
exploits the following Fourier relationship to directly
calculate the intensity of polarized emission from a
source over a vector of φ values:
F φ =
n∑
j=1
wjpje
−2iφ(λ2j−λ20)
/
n∑
j=1
wj (7)
where Fφ is the complex value of the FDS at Faraday
depth φ, n is the number of channels, pj is the complex
value of the fractional polarization vector in channel j
possessing a mean wavelength λj , wj is a weighting term
acting on pj , and λ0 is the weighted mean of λ
2 over all
channels:
λ20 =
n∑
j=1
wjλ
2
j
/
n∑
j=1
wj (8)
We use λ0 as a convenient reference wavelength
(recorded in column 7 of Table 1) at which we evaluate
various models & quantities. We denote such quantities
using a λ0 subscript (e.g. Iλ0 — the interpolated value
of Stokes I at λ0).
The ability of RM synthesis to reconstruct polarized
emission is characterized by three main quantities: The
maximum detectable Faraday depth, the maximum de-
tectable scale of emission structures in φ space, and the
resolution in φ space (see Brentjens & DeBruyn 2005).
For our data, the values are (respectively) φmax ≈ 4100
rad m−2, φmax−scale ≈ 140 rad m−2 and δφ ≈ 120 rad
m−2.
We applied RM synthesis to each source as follows:
1. Fit a polynomial of order 1 to ∂log(I)vs.∂log(ν)
to get Imodel(λ) — a power law model of the total
intensity spectrum.
2. Divide out first-order spectral index effects by di-
viding Stokes Q & U by Imodel to obtain Stokes q
& u.
3. Apply RM synthesis to the Stokes q & u spectra,
using either constant weighting (i.e. wj = 1) or
weighting by the inverse of its variance (our results
vary depending on the weighting scheme adopted
— see Section 6.1.2).
4. Deconvolve the FDS output by RM synthesis using
rmclean (Heald et al. 2009). We ran our analy-
sis using three different rmclean cutoff levels (the
FDS amplitude below which the deconvolution pro-
cedure ceases to be applied); the values adopted for
these levels and the reasons for their use are dis-
cussed in the following section.
The FDS and associated rmclean component model
can then be used to assess the Faraday complexity of a
polarized radio source.
4.5. Method for detecting Faraday complexity
The question of how to best detect Faraday complexity
is a subtle and complicated one, and an optimal approach
has not yet been found. Previous studies have identified
complexity using non-linearity in χ vs. λ2 (e.g. Gold-
stein & Reed 1984), frequency-dependant change in p
(e.g. Farnes et al. 2014a), non-sinusoidal variation in
Stokes q & u (e.g. O’Sullivan et al. 2012), or detec-
tion of multiple components in the FDS (e.g. Law et al.
2011). The first two of these are unsuitable for our study,
because:
• Linearity of χ vs. λ2 does not imply Faraday sim-
plicity, despite the converse being true.
• p is significantly affected by Ricean bias for faint
sources. The optimal debiasing scheme is signal-
dependent, as is the residual bias on the estimate of
the true value of p obtained using any given scheme
(Simmons & Stewart 1985).
As part of a 1.1–1.4 GHz study into characterization of
Faraday complexity, Sun et al. (2015) found that Fara-
day complexity arising from interference of two Faraday
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thin components could be detected more reliably by iden-
tifying non-sinusoidal variation in Stokes q & u than by
using any other existing method. However, no such ad-
vantage was evident for detection of complexity arising
from Faraday thick components, and the authors con-
clude that over their limited bandwidth, all currently
available methods are subject to type 2 (false negative)
errors for detecting Faraday thick emission components.
As we will show, the majority of Faraday complexity that
we observe is probably of this type.
We proceeded by noting that our primary requirement
is to make a binary classification of sources into Faraday
complex / simple categories, and that we wish to employ
conservative detection criteria in any case so as to min-
imise type 1 (false positive) errors. We therefore made
a choice to detect complexity by searching for multiple
components in the FDS resulting from RM synthesis &
rmclean, which is both simple & intuitive, has proven
effective for wavelength coverage and spectral sampling
comparable to our own (cf. Law et al. 2011), and at the
same time, provides estimates of the peak and dispersion
in Faraday depth of the emission from our sources.
Specifically, our method identifies complexity using the
2nd moment of the rmclean component model, as de-
scribed by Brown (2011). Denoting the rmclean model
as FM and the 2nd moment of this quantity as σφ, it is
calculated it as:
σφ=K
−1
n∑
i=1
(φi − µφ)2|FM (φi)| (9)
where the normalization constant K is given by
K =
n∑
i=0
|FM (φi)| (10)
and µφ, the first moment of the distribution, is given
by
µφ = K
−1
n∑
i=0
φi|FM (φi)| (11)
where n is the number of distinct φ values at which
FM is non-zero, while φi is the Faraday depth of the ith
Faraday depth vector component (i.e. the vector of φ
values over which equation 7 was evaluated to calculate
the FDS). σφ is a measure of the dispersion of the rm-
clean model components; Faraday-simple sources will
show zero or very little spread (i.e. they are dominated
by polarized emission from a single Faraday depth), while
Faraday-complex sources with multiple rmclean com-
ponents should reflect this as a larger value of σφ. In
Section 6.4.3, we show that this algorithm correctly se-
lects the most heavily depolarising / repolarising sources
as being Faraday complex, which acts as a posteriori ev-
idence that our method is effective. Further comparison
of spectropolarimetric analysis techniques is beyond the
scope of this work, but note that this is a topic of ongoing
research (see Sun et al. 2015).
The practical implementation of our method requires
choices to be made for two parameters. First, a threshold
must be adopted for σφ above which a source is classi-
fied as Faraday-complex. We show that a value for this
threshold is naturally suggested by our data in Section
6.1. The second parameter is the rmclean cutoff, which
must be set low enough to detect faint emission compo-
nents, while remaining high enough to render the false
detection probability negligible. Since no formalism cur-
rently exists that describes the statistical behaviour of
FDS containing multiple unresolved components, this is
not a trivial problem. Instead we make use of the ana-
lytic formalism of Hales et al. (2012), which fully char-
acterizes the detection significance of polarized emission
in FDS when multiple unresolved components are absent
(see also Macquart et al. 2012). The equations derived
therein relate the polarized signal-to-noise ratio (S/N) of
an emission component in a Faraday simple FDS to a
Gaussian Equivalent Significance (GES) level — i.e. a
3σ GES detection for a non-Gaussian probability den-
sity function (PDF) is equivalent to a 3σ detection for a
Gaussian PDF. If the rmclean cutoff is set to a suffi-
ciently high GES (i.e. one which ensures a negligible false
detection probability), subsequent detection of multiple
FDS components then implies complexity, even if the de-
tection significance of the additional components cannot
be formally calculated.
To provide a gauge of detection significance / degree of
complexity, we calculated σφ at three different rmclean
cutoffs — 6σ GES, 8σ GES & 10σ GES — then used the
complexity classification assigned at each level as a proxy
in this regard. For example, when we refer to a source
as being ‘complex at the 8σ GES level’, we mean it was
detected as complex using an 8σ GES rmclean cutoff
(and therefore also a 6σ GES cutoff), but not using a
10σ GES cutoff. We then attribute a higher degree of
complexity / a more robust detection to this source than
to a 6σ GES complex detection, but vice versa for a 10σ
GES detection. We discuss detection reliability under
these rmclean cutoffs in Appendix A.4.
5. ANCILLARY SOURCE CHARACTERIZATION
5.1. Radio morphology
Using the source finding image (see Section 3), we
classified the Stokes I morphology of our sources as:
‘unresolved’ if they were well-fit by a Gaussian of the
same dimensions as the restoring beam; ‘lobe/jet compo-
nent’ if they either a) possessed obvious radio lobe or jet
morphology, or b) possessed a counterpart radio source
within 3’ of similar brightness (Hammond et al. 2012
and refs therein); ‘core-jet’ if the total flux was dom-
inated by an unresolved component in the presence of
additional resolved components that were either a) sub-
stantially fainter than the core or b) radiated away from
the core with linear morphology; or ‘extended’ for re-
solved sources not meeting the above criteria. Our mor-
phological classifications are presented in column 22 of
Table 1. Note that these morphological classifications
(made using the 15” resolution source finding image) are
distinct from the resolution status (resolved / unresolved
in the 1’ resolution spectropolarimetric images) that we
assigned to the sources for the purpose of spectropolari-
metric data extraction in Section 4.2.
5.2. Multiwavelength counterparts
We crossmatched sources with counterparts in infrared
(WISE; Wright et al. 2010), optical (SuperCOSMOS;
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Figure 1. Histogram of Iλ0 for the sample.
Hambly et al. 2001), and ultraviolet (GALEX) images,
and in the ROSAT All Sky Survey Bright Source Cata-
logue (RASS-BSC; Voges et al. 1999) and Faint Source
Catalogue (RASS-FSC; Voges et al. 2000). In IR, optical
and UV, we manually identified counterparts by overlay-
ing contours from the source finding image onto the rele-
vant survey images. We assigned a ‘match’ when objects
were present within 15” of the radio contour centroid (i.e.
within the beam FWHM of the source finding image); a
‘match - off source’ if either a) The radio source was ex-
tended, and a candidate counterpart source lay inside the
10% radio flux contour, b) A second radio source was lo-
cated within 3’, and a candidate counterpart was located
within 15” of the position of the flux centroid of the two
sources (e.g. Best et al. 2005) or c) NASA Extragalactic
Database (NED) queries revealed an existing association
in the literature; or ‘no match’ otherwise. The counter-
part statuses in IR, optical and UV are listed in columns
23, 24 & 25 of Table 1 respectively. Our X-ray cross
matches were made in a binary manner based on the
distance to the nearest catalogued sources and the posi-
tional errors for the RASS-BSC and RASS-FSC (Parejko
et al. 2008). We assigned a ‘match’ if the radio emission
centroid fell within 20” of a catalogued RASS-BSC source
position or 40” of a RASS-FSC source position, and ‘no
match’ otherwise. The X-ray counterpart classifications
are listed for each source in column 26 of Table 1.
We furthermore crossmatched our sample with red-
shift data in the literature using NED and a matching
radius of 1′ — approximately the FWHM of the spec-
tropolarimetric image restoring beam. We accepted 61
redshift matches for our sample, 21 of which were polar-
ized sources. These are recorded in column 27 of Table
1.
6. RESULTS
Our final sample consists of 563 sources lying < 0.2◦
from the nearest mosaic pointing centre and > 1◦ from
the core of Fornax A. A histogram of Iλ0 for the sample is
presented in Figure 1. The brightest source in the sample
has Iλ0 ≈ 1.7 Jy, while the median Iλ0 is 13 mJy.
6.1. Faraday complexity / polarization classification of
the sample
In this section we present the Faraday complexity clas-
sifications obtained by applying the methods described
Figure 2. Histogram of σφ for the sample after applying RM syn-
thesis & rmclean with natural weighting and a 6σ GES rmclean
cutoff. We have altered σφ = 0 values to σφ = 0.001 rad m
−2
to fit on the logarithmic x-axis. We classify sources as Faraday-
simple or complex based on the value of σφ as described in the
main text, placing the distinguishing threshold at 1 rad m−2 (red
dashed line).
in Sections 4.4 & 4.5. Initially we describe the results
obtained using a 6σ GES rmclean cutoff and natural
weighting in RM synthesis (defined as wj = σ
−2
qu,j in eqns
7 & 8). We then explain how these classifications are af-
fected when the rmclean cutoff or RM synthesis weight-
ing scheme is changed in Sections 6.1.1 & 6.1.2.
We classified as unpolarized the 403 of 563 sources for
which max(|FDS|) < rmclean cutoff (6σ GES). The re-
maining 160 were classified as polarized, yielding ∼ 5
polarized sources / sq. degree. This value is consistent
with estimates of polarized source density in the litera-
ture (e.g. Stil et al. 2014), given the median 6σ GES
rmclean cutoff we obtain is equivalent to P ≈ 0.6 mJy
beam−1 (rmsf beam)−1.
We calculated σφ for each polarized source (recorded
in column 15 of Table 1) and present a histogram of the
resulting values in Figure 2. Three populations are evi-
dent: The first consists of sources with σφ = 0 — i.e. all
rmclean components lie at precisely the same Faraday
depth. The second at σφ ≈ 0.1 rad m−2 occurs when
all rmclean components are detected in two adjacent
bins in φ space (separated by 0.1 rad m−2), with only
a small minority of components in the second bin. We
classified the 146 sources comprising both this and the
σφ = 0 population together as Faraday-simple.
The third population contains 14 sources (12% of the
polarized source sample), with σφ values in the range
10 − 300 rad m−2. A clear division exists between the
first two populations and the third, which suggests a
σφ threshold to use for distinguishing between Faraday
simple and Faraday complex sources. We classified this
last population of sources as Faraday complex, noting
here that the Faraday classifications thereby obtained
agree well with the depolarization characteristics of sam-
ple sources presented in Section 6.4.3.
6.1.1. Effect of rmclean cutoff threshold on classifications
Repeating the analysis of the preceding section using
8σ GES and 10σ GES rmclean cutoffs, we obtained the
results recorded in Table 2. The rmclean cutoff has a
moderate effect on the polarization / Faraday complexity
classifications: The number of complex and simple detec-
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Table 2
Number of sources in each Faraday category as a function of
rmclean cutoff GES level using natural weighting in RM
synthesis.
Faraday classification 6σ GES 8σ GES 10σ GES
Unpolarized 403 436 456
Simple 146 115 98
Complex 14 12 9
Table 3
Number of sources in each Faraday category as a function of
rmclean cutoff GES level using constant weighting in RM
synthesis.
Faraday classification 6σ GES 8σ GES 10σ GES
Unpolarized 400 438 461
Simple 145 114 93
Complex 18 11 9
tions decreases as the rmclean cutoff level is increased,
while the number of unpolarized sources increases. This
is caused by emission components progressively falling
below the rmclean cutoff and thus not being detected
/ used in the calculation of σφ. Despite this, the majority
of complex detections remain classified as such regardless
of the rmclean cutoff adopted, implying the additional
polarized components in these sources are detected with
high significance.
6.1.2. Effect of RM synthesis weighting on classifications
The weighting scheme used in RM synthesis can affect
sensitivity to Faraday complexity. In our observations,
primary beam attenuation causes a small but system-
atic increase in the uncertainty of (q,u) data for off-axis
sources towards higher frequencies. Under these circum-
stances, natural weighting will decrease sensitivity to de-
polarizing signals. We therefore repeated the analysis of
the previous two sections using constant weighting (i.e.
wj = 1 in eqns 7 & 8). The resulting classifications
are presented in Table 3, and we compare the classifi-
cations made under the natural and constant weighting
schemes in Table 4. The majority of 10σ GES detec-
tions are unaffected by the weighting scheme employed.
At 6σ GES however, only a single source is classified
as complex under both schemes, with the majority of
complex detections occurring when constant weighting
is used. Regardless of the cause of this effect, it is clear
that choosing between the two weighting schemes may
affect our ability to detect specific types of complexity
(e.g. strongly depolarizing signals). Thus, we consider
sources to be complex if they are detected as such under
either natural or constant weighting. This results in a
total of 19 sources being classified as complex using a 6σ
GES rmclean cutoff.
6.2. Spectropolarimetric data for selected sources
We now present the spectropolarimetric data for all
sources classified as complex, regardless of the weighting
Table 4
Number of elements in the union, intersection and differences of
sets comprising the Faraday complex source detections using
constant (C) & natural (N) RM synthesis weighting schemes, and
which are detected at the specified GES rmclean level but not
higher (e.g. sources detected as complex using a 10σ GES cutoff
are also detected as such using a 6σ GES cutoff, but are not
counted in the 6σ GES column).
Set 6σ GES 8σ GES 10σ GES
|C ∪N | 7 1 11
|C ∩N | 1 1 7
|N \ C| 1 0 2
|C \N | 5 0 2
scheme and rmclean cutoff under which they were de-
tected as such. We also include data for selected Faraday
simple and unpolarized sources. The complexity classifi-
cation of each source is noted in the figure captions. The
data are presented in 7 panels. The uppermost panel
(panel a) shows the result of applying RM synthesis to
the source data. It includes plots of the magnitude of
the FDS, the rmclean component distribution and the
rmclean cutoff level as described in the figure captions.
To more clearly show the multiple rmclean components
characteristic of complex sources, we include an inset
panel zoomed on |φ| < 750 rad m−2 and 0 < |FDS| < 3×
the rmclean cutoff. Panel b) shows Stokes I(λ2) with
its fitted model. Panels c) and e) show the Stokes q(λ2)
& u(λ2) and Stokes v(λ2) spectra respectively. Panel d)
plots fractional polarization against λ2, along with the
best fit depolarization models described in Section 6.4.3.
Panel f) plots polarization angle vs. λ2.
6.3. Relationship between complexity and
non-polarimetric source properties
In the following sections we examine several non-
polarimetric properties of the sample with the aim of
identifying characteristics that distinguish Faraday com-
plex sources.
6.3.1. Source flux density
We calculated the monochromatic polarized intensity
Pλ0 for each source by multiplying Iλ0 by max(|FDS|).
In Figure 28, we plot Pλ0 vs. Iλ0 , along with histograms
of simple and complex source counts (normalized) pro-
jected onto each axis. The plot markers indicate the
highest degree of complexity or polarization attained by
a source under the different weighting schemes and rm-
clean cutoff levels adopted (see caption) — a convention
we use through the remainder of this paper. It is evident
that the likelihood of a source being assigned a complex
classification is strongly dependent on both its total and
polarized intensity: 100% of the brightest seven sources
in both Pλ0 & Iλ0 are detected as Faraday complex, but
the projected Pλ0 & Iλ0 histograms show that the ratio
of complex to simple detection counts drops off rapidly
moving to lower integrated flux densities.
6.3.2. Spectral index
Figure 29 shows histograms of αλ0 (I(ν) ∝ να) for the
sources in each polarization / complexity category pos-
sessing Iλ0 > 10 mJy (the large uncertainties of fainter
sources obscure the shape of the distributions). Complex
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Figure 3. 10σ GES complex detection. Source: 034205-370322. a) blue curve ≡ |FDS|, red line ≡ rmclean cutoff, green lines ≡
rmclean component model, black curve ≡ |FDS−rmclean residuals|. Inset: Zoom on detail in panel a). b) Total intensity spectrum +
model fit. c) Stokes q (red) & u (blue) spectra. d) p spectrum + best-fit depolarization models from Section 6.4.3. Red dot-dot-dash line
≡ double component model, green line ≡ Tribble model, magenta dashed line ≡ Burn model. e) Stokes v spectrum. Green line indicates
Stokes v= 0. f) Polarization angle.
Figure 4. 10σ GES complex detection. Plots as described in Figure 3 caption. Source: 033848-352215
Broadband Polarimetry of 563 Radio Sources 17
Figure 5. 10σ GES complex detection. Plots as described in Figure 3 caption. Source: 033843-352335
Figure 6. 10σ GES complex detection. Plots as described in Figure 3 caption. Source: 033147-332912
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Figure 7. 10σ GES complex detection. Plots as described in Figure 3 caption. Source: 032228-384841
Figure 8. 10σ GES complex detection. Plots as described in Figure 3 caption. Source: 034133-362252
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Figure 9. 10σ GES complex detection. Plots as described in Figure 3 caption. Source: 033019-365308
Figure 10. 10σ GES complex detection. Plots as described in Figure 3 caption. Source: 033242-363645
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Figure 11. 10σ GES complex detection. Plots as described in Figure 3 caption. Source: 033829-352818
Figure 12. 10σ GES complex detection. Plots as described in Figure 3 caption. Source: 032006-362044
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Figure 13. 10σ GES complex detection. Plots as described in Figure 3 caption. Source: 033754-351735
Figure 14. 8σ GES complex detection. Plots as described in Figure 3 caption. Source: 033653-361606
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Figure 15. 8σ GES complex detection. Plots as described in Figure 3 caption. Source: 034202-361520
Figure 16. 6σ GES complex detection. Plots as described in Figure 3 caption. Source: 033726-380229
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Figure 17. 6σ GES complex detection. Plots as described in Figure 3 caption. Source: 034437-382640
Figure 18. 6σ GES complex detection. Plots as described in Figure 3 caption. Source: 033828-352659
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Figure 19. 6σ GES complex detection. Plots as described in Figure 3 caption. Source: 033123-361041
Figure 20. 6σ GES complex detection. Plots as described in Figure 3 caption. Source: 033329-384204
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Figure 21. 6σ GES complex detection. Plots as described in Figure 3 caption. Source: 033725-375958
Figure 22. Faraday simple detection. Plots as described in Figure 3 caption. Source: 034049-340903
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Figure 23. Faraday simple detection. Plots as described in Figure 3 caption. Source: 032442-333555
Figure 24. Faraday simple detection. Plots as described in Figure 3 caption. Source: 032410-343927
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Figure 25. Unpolarized source. Plots as described in Figure 3 caption. Source: 033336-360823
Figure 26. Unpolarized source. Plots as described in Figure 3 caption. Source: 033554-365949
28 Anderson et al.
Figure 27. Unpolarized source. Plots as described in Figure 3 caption. Source: 031827-341833
sources (upper panel) possess αλ0 between -2.4 and 0.26
— a range comparable to that of both the simple and
unpolarized distributions (middle & lower panels). The
majority of the complex detections have steep αλ0 : 90%
have αλ0 < −0.5, with the median, 25th and 75th per-
centiles of the distribution equal to -0.77, -1.17 and -0.67
respectively. The inverted spectral index of the complex
source 033653-361606 (αλ0 = 0.26) is a notable excep-
tion. The distribution percentiles all lie steeper than
the equivalents for the simple and unpolarized distribu-
tions (see inset text on figure), but the differences do not
achieve a robust level of statistical significance.
6.3.3. Radio morphology
Table 5 presents the numbers and percentages of com-
plex, simple and unpolarized sources possessing the mor-
phological types defined in Section 5.1. Complex sources
are almost evenly split between the unresolved, lobe / jet
component, core-jet and extended morphological types,
implying that Faraday complexity is not uniquely asso-
ciated with specific source morphologies. At the same
time, ∼ 3/4 of the complex sources are morphologi-
cally resolved compared to only ∼ 1/4 of the unpolarized
sources and ∼ 2/5 of the simple sources. This suggests an
association between complexity and apparent source size,
but degeneracies between morphology, source brightness
and Faraday complexity in our sample prevent a deeper
analysis of this and other apparent morphological differ-
ences between the polarization / complexity categories.
6.3.4. Multiwavelength counterparts
In Figure 30 we divide the sample according to Fara-
day complexity, then for each wavelength at which cross
matches were made in Section 5.2, we plot the percent-
age of sources that were assigned on-source / off-source
Table 5
Number and percentage of complex, simple & unpolarized sources
with the morphological types defined in Section 5.1.
Unresolved Lobe / jet Core-jet Extended
# % # % # % # %
Complex 5 26 6 32 4 21 4 21
Simple 79 56 13 9 13 9 36 26
Unpolarized 305 76 28 7 10 2 60 15
/ no match counterpart statuses. The main trend visible
is that the proportion of non-detections progressively in-
creases from complex to simple to unpolarized sources.
This probably follows trivially from the fact that polar-
ized emission, complexity and counterparts are all more
readily detectable for brighter sources. When only the
detections are considered, a trend is apparent in the ra-
tio of off-source to on-source detections, which increases
going from unpolarized to simple to complex sources.
When counterparts were detected for complex sources,
50%, 59% & 66% (IR, optical & UV) of the time they
are not spatially coincident with the radio source. In con-
trast, the proportion of on-source counterparts for Fara-
day simple and unpolarized sources is greater than the
proportion of off-source counterparts at all wavelengths
— in most cases substantially so. This may represent
indirect evidence of a link between complexity and ex-
tended radio structure. We found no evidence to suggest
that Faraday complexity was linked to the presence or
absence of counterparts at specific wavelengths.
6.3.5. Redshift
In Table 6 we present the median value of crossmatched
redshifts as a function of Faraday category. The overlap-
ping 66% confidence intervals for the median of each cat-
egory demonstrate that any relationship between Fara-
day complexity and redshift must be substantially weaker
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Figure 28. Scatter plot of monochromatic polarized vs. total
intensities (see main text) for polarized sample sources. Objects
classified as Faraday-simple are plotted as blue dots, while Faraday-
complex objects are plotted as black stars stars (10σ GES detec-
tions), purple triangles (8σ GES) or red crosses (6σ GES). In all
cases, sources are assigned the highest detection significance at-
tained under analysis using each RM synthesis weighting scheme.
Diagonal dashed grey lines represent lines of constant fractional
polarization and are labelled in %. Above and to the right of
the plot are normalized histograms of the source distributions pro-
jected onto each axis. In each case, the blue dotted lines are the
histograms for Faraday-simple sources, while the red solid lines are
the histograms for Faraday-complex objects. The vertical black
dot-dashed line indicates the integrated flux density that divides
the bright source sample (BSS) from the faint source sample (FSS)
as defined in Section 7.1.
Table 6
Number of redshift matches and median redshift for crossmatched
sources in our sample, split by Faraday classification. Upper and
lower bounds on the 66% confidence intervals for the median are
also shown.
Complex Simple Unpolarized
# matches 8 12 41
Median 66% CI upper
66% CI lower
0.110.280.11 0.18
0.21
0.14 0.12
0.19
0.11
than can be detected with our limited number of redshift
crossmatches.
6.3.6. Location in the mosaic field
In Figure 31 we plot the spatial location of complex,
simple & unpolarized sources in the mosaic field. We
analysed their spatial distribution using Ripley’s K func-
tion K(r) (Ripley 1976), which computes the mean num-
ber of sources lying closer than r degrees to other sources
in a sample, normalized by the mean spatial source den-
sity. This can be compared to the expectation for com-
plete spatial randomness (CSR), which is simply pir2.
Our results are shown in Figure 32, where we plot K(r)
for the complex, simple and unpolarized source samples,
as well as 99% confidence intervals for K(r) under the
assumption of CSR. The plots show that K(r) lies sub-
stantially above the 99% confidence interval for complex
Figure 29. Histograms of αλ0 for sample sources with Iλ0 > 10
mJy, split according to Faraday complexity. Vertical red lines in-
dicate the sample median (the ‘P50’ value in text inset), while the
blue dotted lines represent the 25th (P25) and 75th (P75) per-
centiles. Note that one complex source with αλ0 = −2.4 ± 0.2
extends beyond the x-axis limit in the top panel.
Figure 30. Percentage of sources with an on-source counterpart
match (M), an off-source match (O), and no match (N) as described
in Section 6.3.4, broken down by Faraday category and wavelength.
The number of sources in each Faraday category is listed in square
brackets next to the main axes labels.
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Figure 31. Positions of sources detected in the field. The plotting
markers follow the conventions of Figure 28. The patch without
sources is the rejection region around Fornax A. The purple dashed
lines delimit the approximate boundaries of the seven separately
observed and calibrated submosaics (Section 2).
Figure 32. Plots of Ripley’s K function K(r) vs. angular sepa-
ration radius (solid lines, see main text) for positions of complex
(black) simple (blue) & unpolarized (green) sources in the field.
The expectation (red dashed line) and 99% confidence intervals for
complete spatial randomness (dotted lines) are also shown.
sources for scales 0◦ – 0.6◦, indicating clustering on these
scales at > 99% confidence. A particularly prominent
clustering of complex sources is located at ∼ 03h38m
-35d25m. By comparison, the unpolarized and simple
sources show deviations from CSR that are either small
and/or statistically insignificant.
6.4. Relationship between complexity and polarimetric
source properties
We now examine several polarimetric properties of the
sample sources, with the aim of determining the charac-
teristics of complex sources as well as how these charac-
teristics distinguish complex sources from simple ones.
6.4.1. Structure in complex Faraday Dispersion Spectra
For 14 out of 19 complex sources, the additional polar-
ized emission components in the FDS are unresolved (i.e.
the rmclean components are clustered within the width
of the rmclean restoring beam — ≈ 120 rad m−2. See
Fig. 4 for example). For five complex sources — 033147-
332912 (Fig. 6), 032228-384841 (Fig. 7), 033829-352818
(Fig. 11), 032006-362044 (Fig. 12) & 033754-351735
(Fig. 13) — multiple components are either fully or par-
tially resolved in the FDS. In either case, the additional
components typically contribute between 15% and 60%
(mean ≈ 45%) of the total polarized flux, comparable to
the 10%–70% range reported by Law et al. (2011).
6.4.2. Faraday depth
Here we determine whether the Faraday depth at which
a source’s emission peaks is correlated with its Faraday
complexity classification. The existence of such a corre-
lation would indicate that complexity is generated in re-
gions possessing anisotropic ordered B field components
— for example, jets in AGN.
We first calculate the residual peak Faraday depth of
each source (φres,peak) by subtracting the smooth Galac-
tic contribution (φgal,peak) to φpeak, which is well fit by
the following paraboloid:
φgal,peak(RArel,Decrel) = 0.792(RArel − 0.149)2 + . . .
1.040(Decrel + 2.052)
2 + 1.6331 rad m−2
(12)
where, with RA and Dec in J2000 coordinates:
RArel = RA− 52.385◦ and Decrel = Dec + 35.793◦
The residual Faraday depth of each source is then
calculated as φres,peak = φpeak − φgal,peak. It is difficult
to use φres,peak directly to compare the dispersion of
φres,peak (not to be confused with σφ) for simple and
complex sources, because the dominant contribution to
this dispersion is signal dependent. Instead we calculate
the standardized residual (SR) of φres,peak for each
source. This is defined as:
SR = φres,peak/σex+err (13)
where
σ2ex+err = σ
2
err + σ
2
ex (14)
and σ2err & σ
2
ex are the contributions to σex+err from
measurement error and the mean extragalactic contribu-
tion to the Faraday depth of a radio source respectively.
We use σ2ex = 49 rad
2m−4 (Schnitzeler 2010). If the value
adopted for σ2ex and the function describing the Galac-
tic foreground are both accurate, SR should be Gaussian
distributed with µ = 0 and σ = 1. We confirm that this
is the case, finding µ = −0.06± 0.08 and σ = 1.09± 0.08
for the best fit Gaussian to the histogram of SR data
(both plotted in the bottom panel of Figure 33).
In the upper panel of Figure 33, we plot Pλ0 vs. SR
so the variance in SR can be easily seen. Most sources,
both complex and simple, are located within 1–2σ of zero
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Figure 33. Top: Pλ0 vs. the standardized residuals of φ for
polarized sources in our sample (see text). Objects are plotted us-
ing the conventions adopted in Figure 28, with the exception that
sources off the scale are plotted with triangular arrows and accom-
panying text indicating position on the x-axis. Bottom: Histogram
of the standardized residuals of the simple sources with accompa-
nying Gaussian model fit (green line). The mean and standard
deviation of this fitted Gaussian are −0.06± 0.08 and 1.09± 0.08
respectively.
and thus show no statistically significant enhancement in
φres,peak. However, several Faraday complex sources do
show statistically significant enhancements in φres,peak.
While no Faraday simple sources lie > 5.5σ from the
mean, four complex sources have φres,peak values between
6.5σ and 50σ. This is clearly statistically unlikely, even
allowing for the slight non-normality of the SR distribu-
tion (bottom panel). The names and |φpeak| values of
these sources are 033843-352335 (Fig. 5): 59 rad m−2,
033829-352818 (Fig. 11): 145 rad m−2, 033754-351735
(Fig. 13): 165 rad m−2 & 032006-362044 (Fig. 12): 300
rad m−2. We note that the first three of these sources are
among the prominent cluster of complex sources identi-
fied in Section 6.3.6.
6.4.3. Depolarization / repolarization
Here we determine the extent to which Faraday com-
plexity is associated with either depolarization or repo-
larization, which broadly constrains the possible mech-
anisms through which complexity is generated. For de-
polarizing sources, we then fit (existing) depolarization
models to p(λ2) to obtain additional information about
the depolarization behaviour.
First we identify depolarizing / repolarizing sources by
generating two sets of channels L = {i|λi > λ0} & H =
{i|λi < λ0} and calculating the following depolarization
ratio:
DPL/H =
∑
i∈L
pi,corr/|L|∑
i∈H
pi,corr/|H| (15)
Figure 34. Plot of the depolarization ratio DPL/H vs. Pλ0 . The
DPL/H ratio was calculated as described in the text. The plotting
markers follow the conventions of Figure 28. The black line rep-
resents no change in polarization over the band. The blue dashed
line is the sample median for the simple sources.
where pi,corr =
√
p2i − σ2qu,i is the bias-corrected po-
larization in channel i (see Simmons & Stewart 1985),
|L| & |H| are the number of channels in the sets L &
H, and the subscript L/H denotes that this is a ratio of
the lower frequency band to the higher frequency band.
We plot DPL/H against Pλ0 in Figure 34, indicating the
complexity / polarization category of each source with
the plot markers (see caption) and the median value of
DPL/H for Faraday simple sources with a blue dashed
line.
The simple sources are located in an envelope clus-
tered around a median of 0.9 which broadens as the S/N
drops with decreasing Pλ0 . The offset from DPL/H = 1
is statistically significant but caused by the mean resid-
ual bias from our polarization bias correction. The com-
plex sources are mostly cleanly separated from the simple
sources in the Pλ0–DPL/H plane, being found primarily
along the high Pλ0 , low DPL/H (i.e. higher S/N, stronger
depolarization) edge of the source distribution. The ob-
served agreement between the presence / lack of depo-
larization or repolarization and the assigned complex /
simple Faraday classification represents a posteriori evi-
dence that our complexity classification algorithm is ef-
fective at distinguishing genuinely complex sources from
simple ones.
18 (of 19 total) complex sources have DPL/H < 1 and
17 have DPL/H < 0.9 (i.e. the simple source median).
The complexity in our sample is therefore predominantly
a result of source depolarization. The single exception is
the repolarizing source 033653-361606 (Fig. 14).
Information about the physical nature of depolarizing
Faraday screens can be obtained by modelling the
behaviour of p(λ2). We consider three depolarization
models that, in combination, are capable of generating
most of the p(λ2) behaviours that we observe. They are:
1) The Burn (1966) foreground screen, in which depo-
larization results from a large number of unresolved cells
in the telescope beam:
p(λ) = p[λ=0]e
−2σ2RMλ4 (16)
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2) A Tribble (1991, 1992) screen, with N independent
Faraday depth cells in the synthesized beam area (where
N ∝ t2/s20, s0 is the cell scale length, and the synthesized
beam FWHM = 2t
√
ln2):
p2(λ) = p2[λ=0]
1− exp(1− s20/2t2 − 4σ2RMλ4)
1 + 8σ2RMλ
4t2/s20
. . . (17)
+p2[λ=0]exp(1− s20/2t2 − 4σ2RMλ4)
3) Interference of polarized components at two separate
Faraday depths:
p(λ) = |p1e2iχ1+φ1λ2 + p2e2iχ2+φ2λ2 | (18)
In the equations above, p(λ) is the fractional polariza-
tion amplitude at wavelength λ, p[λ=0] is the fractional
polarization at λ = 0, σRM is the dispersion in RM across
a source due to a foreground Faraday screen, and pi, φi
and χi are the fractional polarization amplitude, Fara-
day depth and polarization angle of the ith polarized
emission component.
We used the ‘Emcee’ sampler package (Foreman-
Mackay et al. 2013) to find maximum likelihood values
and errors for parameters in these models when fit to
p(λ2). For the Tribble model, single-resolution observa-
tions cannot break the degeneracy between σRM and s0/t
(Tribble 1991). We present maximum likelihood values
for these parameters (without errors) regardless to show
that the Tribble model provides a demonstrably superior
reproduction of p(λ2) for some sources. We list best-fit
parameter values and χ¯2 in Table 7. We also record the
value of the Akaike information criterion (AIC; Akaike
1974), where AIC = 2k − 2ln(L), k = no. of model
parameters, and L is the maximum of the likelihood dis-
tribution returned by Emcee. Briefly, the AIC is a model
selection criteria that is optimal in the sense that, for two
models 1 & 2 in which model 1 has the lowest AIC value,
model 2 is exp((AIC1−AIC2)/2) times as likely as model
1 to minimize the information lost by either underfitting
or overfitting the data. We consider model 1 significantly
favored when AIC1 + 5 < AIC2. For a model where this
is true against both other models, we list its AIC and
χ¯2 values in underlined bold text in Table 7. The best
fit obtained with each model is overplotted on the p(λ2)
plots presented in Section 6.2.
The results show that a variety of depolarizing be-
haviours are present. The sources 032228-384841 (Fig.
7), 032006-362044 (Fig. 12) and possibly 033829-352818
(Fig. 11) show complicated oscillatory depolarization
that the models we fit to the data are not capable of re-
producing. We do not attempt to model this behaviour
here, but note that doing so would require > 2 polar-
ized components or even Faraday-thick components. The
Tribble model is strongly favored for the sources 033147-
332912 (Fig. 6) & 033843-352335 (Fig. 5), implying
Faraday screens structured on angular scales not much
smaller than the sources themselves. Finally, the core-
dominated source 033653-361606 (Fig. 14) cannot be fit
with depolarization models; two Faraday thin compo-
nents are required to fit its observed repolarization.
We generally observe σφ in the range 0–25 rad m
−2
for sources best fit by the Burn model and |φ1 − φ2| in
the range 20–50 rad m−2 for those best fit by a dou-
ble component model. While the model parameters are
poorly constrained for the Tribble model fits, we note
that it requires σφ at least as large as the Burn model,
but generally larger depending on the factor s0/t.
6.5. Summary of results from Section 6
We have classified the Faraday complexity of the 160
polarized radio sources in our sample, detecting complex-
ity in 19 (∼ 12% of polarized sources). The number of
complex detections is only mildly dependent on the rm-
clean cutoff and RM synthesis weighting scheme em-
ployed (Section 6.1). We analysed the non-polarimetric
properties of the sample and found that the ratio of the
number of complex to simple detections was strongly de-
pendent on source brightness (Section 6.3.1). The spec-
tral indices of complex sources span approximately the
same range as the simple and unpolarized sources. How-
ever, 90% are steeper than α < −0.5 (Section 6.3.2).
The complex sources are not uniquely associated with
a specific morphological type. However, ∼ 3/4 of com-
plex sources are partially resolved on 15” scales, com-
pared with only 44% and 34% of the simple and unpo-
larized sources respectively (Section 6.3.3). In terms of
multiwavelength counterparts, we detect more counter-
parts for complex sources than for simple or unpolarized
sources and find that these counterparts are more often
located near to, rather than cospatial with, the radio
sources themselves when compared with simple and un-
polarized sources (Section 6.3.4). We were unable to find
any evidence that the redshifts of complex sources dif-
fer from that of simple or unpolarized sources (Section
6.3.5). In Section 6.3.6, we showed that the complex
sources in the field are clustered on scales of 0–0.6◦ at
> 99% confidence. For the polarimetric source proper-
ties, we found that the Faraday depths of simple sources
do not significantly exceed that expected on the basis
of estimates of the mean contributions from the sources
themselves and the Galactic ISM. While most complex
sources are similar in this regard, some complex sources
do show a significant enhancement in φ (Section 6.4.2).
With one exception, the complex sources show net de-
polarization. This depolarization behaviour is often well
characterized by either Burn, Tribble or 2-component de-
polarization models, but several sources show oscillatory
depolarization which would require more sophisticated
modelling (Section 6.4.3).
6.6. Tabulated quantities for the polarized sources in
our sample
The analysis presented in Section 6 generated the
following quantities that we record (for the polarized
sources only) in Table 1:
Column 1: Source name
Columns 2–3: Source position in J2000 coordinates
Column 4–5: Radial and azimuthal position of the
source relative to the nearest mosaic point phase centre
Column 6: Resolved or unresolved at the 90”×45”
resolution of spectropolarimetric images?
Column 7: λ0 to 3 sig. figs.
Columns 8–9: Value of Imodel evaluated at λ0 and its
associated error
Broadband Polarimetry of 563 Radio Sources 33
Table 7
Reduced χ2 and values for selected best-fit parameters for the Burn, Tribble and two polarized component model fits to p(λ2) for each
complex source as described in the text. Fit parameters are bolded where specific models provide a clearly superior AIC value, as
described in the main text.
Burn 2 comp. Tribble
Src. Name χ¯2 AIC p0 σRM χ¯
2 AIC p1 p2 |φ1 − φ2| χ¯2 AIC p0 σRM s0/t
rad m−2 rad m−2 rad m−2
032006-362044 1.1 -257.0 0.12±0.02 9±3 1.1 -238.7 0.12±0.03 0.13±0.02 41±1 1.1 -232.9 0.16 28.0 2.1
032228-384841 10.6 -137.1 0.0470±0.0005 8.2±0.2 9.4 -229.9 0.023±0.008 0.023±0.008 16±2 8.9 -228.8 0.047 8.7 0.56
033019-365308 1.8 -496.0 0.089±0.002 10.2±0.4 1.8 -492.9 0.021±0.004 0.071±0.004 27±4 1.8 -496.0 0.099 51.0 4.7
033123-361041 0.9 -475.4 0.045±0.005 18±1 1.1 -469.8 0.019±0.006 0.019±0.006 29±3 1.0 -473.4 0.065 26.0 0.6
033147-332912 3.5 -471.3 0.106±0.002 19.3±0.2 4.0 -449.9 0.0586±0.0007 0.0370±0.0006 33.5±0.3 2.9 -503.0 0.13 24.0 0.51
033242-363645 2.5 -310.9 0.329±0.009 10.4±0.5 2.6 -306.5 0.06±0.1 0.2±0.1 31±40 2.5 -277.6 0.3 13 1
033329-384204 2.7 -347.1 0.079±0.005 14.1±0.9 2.8 -342.2 0.048±0.009 0.03±0.01 27±5 2.6 -350.3 1.2 55.0 0.21
033653-361606 8.6 -257.3 0.007±0.02 0.009±5 1.1 -644.5 0.0046±0.0003 0.0073±0.0003 64±1 8.8 -255.0 0.0068 0.31 15.0
033725-375958 3.2 -298.9 0.239±0.005 8.4±0.4 3.3 -295.2 0.20±0.01 0.05±0.02 24±6 3.2 -297.4 0.25 58.0 7.6
033726-380229 0.7 -312.8 0.20±0.03 20±2 0.9 -308.4 0.08±0.02 0.08±0.02 31±3 0.7 -310.5 0.2 19.0 0.13
033754-351735 0.2 3.6 19±30 60±700 0.1 7.1 0.4245±0.001 0.1812±0.001 272±1 0.1 5.3 1.7 35.0 0.68
033828-352659 5.7 -273.1 0.0156±0.0001 0.03±0.01 5.4 -327.8 0.019±0.001 0.007±0.002 49±3 5.9 -298.7 0.016 1.9 8.0
033829-352818 1.8 -331.8 0.25±0.02 24.2±1 2.1 -319.2 0.076±0.005 0.094±0.004 33.9±0.7 1.8 -330.9 0.28 26.0 0.19
033843-352335 5.3 -412.5 0.090±0.001 16.9±0.2 4.6 -452.5 0.0320±0.0006 0.0597±0.0006 34.2±0.3 2.8 -546.9 0.15 30.0 0.73
033848-352215 6.1 -444.5 0.0843±0.0004 13.39±0.07 6.7 -422.2 0.057±0.001 0.0259±0.0006 27.2±0.6 6.9 -410.6 0.088 16.0 0.75
034133-362252 4.1 -487.4 0.0358±0.0009 15.1±0.3 4.2 -485.4 0.024±0.001 0.0117±0.0005 30±1 4.1 -484.7 0.036 16.0 0.47
034202-361520 1.0 -116.7 1.7±0.2 22±1 1.0 -115.5 0.58±0.06 0.80±0.05 34.6±0.8 1.2 -107.3 1.6 23.0 0.51
034205-370322 5.5 -530.3 0.0656±0.0002 7.63±0.06 3.6 -629.3 0.0602±0.0003 0.0096±0.0002 29.9±0.6 4.6 -580.1 0.068 56.0 8.4
034437-382640 3.4 -388.8 0.084±0.002 9.4±0.4 3.5 -389.4 0.074±0.003 0.017±0.002 31±3 3.4 -391.0 0.091 30.0 3.1
Columns 10–11: Value of α evaluated at λ0 and its
associated error
Column 12: Complexity categorization of the source
Column 13: The highest rmclean cutoff GES level at
which the source appears complex
Column 14: The weighting scheme under which a
complex source attains it highest value of σφ
Columns 15: Calculated value of σφ
Column 16: The rmclean cutoff value to 3 sig. figs.
Columns 17–18: The amplitude of the FDS at φpeak
and its associated error
Column 19: The fractional contribution of off-peak rm-
clean components — i.e. those rmclean components
found in φ bins apart from that in which the majority
of components were found — to the total polarized flux
Columns 20–21: The Faraday depth at which the FDS
is maximum, and its associated error
Column 22: The Stokes I morphology of the radio
source at 15” resolution
Columns 23–26: The counterpart status of a source in
IR, optical, UV and X-rays
Columns 27: Crossmatched redshift
7. DISCUSSION
7.1. Prevalence of Faraday complex objects
In Section 6.3.1, we showed that the ratio of complex
to simple source detections depends strongly on source
brightness. The cause of this effect has significant impli-
cations for any attempt to estimate the underlying preva-
lence of Faraday complexity in the radio source popula-
tion.
We argue that the complexity of bright sources is not
caused by polarization leakage in Appendix A. The tran-
sition from predominantly complex to simple source de-
tections must therefore either reflect a genuine change in
Faraday complexity with source brightness (which would
be consistent with previous claims of anti-correlations be-
tween 1.4 GHz fractional polarization and total Stokes I
intensity made by authors such as Mesa et al. 2002,
Tucci et al. 2004, Subrahmanyan et al. 2010, Stil et al.
2014 & Banfield et al. 2011, 2014), or be caused by the
effect that signal-to-noise (S/N) has on detection likeli-
hood. To distinguish between these possibilities, we have
conducted an experiment to observe how decreasing the
S/N level of a subset of our sample affected their Faraday
classification. For this subset we selected sources with
Iλ0 > 160 mJy yielding 26 objects: 10 simple, 10 com-
plex, and 6 unpolarized. We call this our ‘Bright Source
Sample’ (BSS) while sources with Iλ0 < 160 mJy fall in
the ‘Faint Source Sample’ (FSS). We decreased the S/N
of the BSS sources by adding Gaussian noise to the chan-
nelized (q,u) data in quadrature, then re-scaling the flux
densities such that the measured, band-averaged value
of σqu was the same after the procedure as it had been
prior. This procedure results in the polarized signal be-
ing decreased relative to our band-averaged observational
sensitivity, so we refer to it henceforth as ‘dimming’.
We split the range of Iλ0 spanned by the FSS into 20
bins of equal logarithmic width. For each bin, we dimmed
each of the 26 BSS sources such that their rescaled Stokes
I flux fell into the target bin. We repeated the entire
procedure 10 times, resulting in 26 sources × 20 flux in-
tervals × 10 iterations = 5200 total simulated sources
spanning the FSS integrated flux range. Each of these
sources was analyzed and classified using RM synthesis,
rmclean and σφ. The result is an empirically-derived
probability distribution for the Faraday classification of
a source population as a function of Iλ0 , under the as-
sumption that the population consists entirely of fainter
versions of the BSS sample.
The results are presented in Figure 35. For the sim-
ulated sources (panel b), the stacked area plot demon-
strates that decreasing S/N causes the proportion of both
polarized and complex detections to drop. Though ex-
pected, this S/N effect has important implications for
our analysis: While just under half the BSS sources are
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Figure 35. Results of the source dimming experiment described
in Section 7.1. The proportion of objects that were classified as be-
longing to a given Faraday complexity category is plotted against
integrated flux density. Plots in the same rows share y-axes, and
plots in the same columns share x-axes. The color conventions are:
10σ GES complex detections (black), 8σ GES complex detections
(magenta), 6σ GES complex detections (red), or Faraday simple
(blue) and unpolarized (green). Panels b) and c) show the propor-
tional breakdown into assigned Faraday classification of the sim-
ulated and real source populations respectively. Panels d) and e)
show the proportional contribution of the various complex source
categorizations to the polarized source sample in the simulated
and real samples respectively. In both of these panels the vertical
black solid lines, magenta dashed lines, red dot-dashed lines and
blue dotted lines indicate the lowest integrated flux at which 10σ
GES complex sources, 8σ GES complex sources, 6σ GES complex
sources and simple polarized sources respectively are detected in
the simulated source population. The number of sources in each
flux bin in the real source population is plotted in panel a).
10σ GES complex detections, they are only detected 10%
of the time or less when dimmed below ∼ 100 mJy, and
go almost completely undetected below ∼ 40 mJy. Only
∼ 7% & ∼ 20% of our total sample sits above these two
fluxes respectively. We therefore have insufficient S/N to
detect complexity in up to 80% of our 563 sample ob-
jects, assuming it is present at the level typical of BSS
sources.
We used an exact multinomial test to evaluate whether
the Faraday classifications in our real data (i.e. the FSS)
behaved in a manner consistent with the S/N effect ob-
served in the simulated data. We defined the multino-
mial categories to be the ‘simple’, ‘6σ GES’, ‘8σ GES’
& ‘10σ GES’ Faraday classifications, and the probability
mass function over these categories to be the proportion
of the total source count in each flux bin falling in each
category in the simulated detection data. Whenever this
probability was zero, we manually assigned a probability
of 1/260 — i.e. the inverse of the number of simulated
Faraday classifications of dimmed sources in any given
flux bin. We find that for flux bins where Iλ0 > 25
mJy, the multinomial p-values fall in the range 0.12–1,
meaning the drop off in complex source detections in the
FSS is statistically indistinguishable from that caused
by decreasing S/N in the simulated data. Given this fact
and that the simulations predict a strong S/N depen-
dence, it is likely that our detection of complex sources
is S/N-limited. It follows that complex sources may be
significantly more prevalent than the ∼ 12% of polarized
sources that we have been able to classify as such.
Conversely, differences between the FSS and simulated
data are apparent for Iλ0 < 25 mJy. In panels d) & e)
of Figure 35, we plot the percentage contribution of the
complex Faraday categories to the total polarized source
count for the simulated sample and FSS (respectively).
Vertical lines on these plots (see figure caption) indicate
lower Iλ0 detection limits in the simulated data of 35,
30, 20 and 9 mJy for the 10σ, 8σ, 6σ GES complex and
simple sources respectively. Yet in the FSS (panel e),
10σ GES complex detections occur at 20 mJy & 2 mJy
in spite of these limits, as does the 8σ GES detection
at 7 mJy. We obtain p-values in these bins of 0.03, 2 ×
10−7, and 0.003, implying the counts are inconsistent
with a purely S/N effect. This may point to a change in
the nature of complexity of fainter sources, but sensitive
observations would be required to confirm this.
7.2. The physical origin of Faraday complexity
In the remaining sections we discuss the possible phys-
ical origins of Faraday complexity in our sample. We
begin by pointing out the general implications of our re-
sults for the source(s) of complexity in our sample, which
motivates the deeper discussion that follows.
Our most general result is that 18 of our 19 com-
plex sources show depolarization (Section 6.4.3). Most of
these sources show smooth depolarization that is broadly
consistent with depolarization by Burn (1966) & Tribble
(1991)-type foreground screens (Section 6.4.3). In Sec-
tion 6.3.6 we found that complex sources were spatially
clustered on 0–0.6◦ scales. There are three possible ex-
planations for this result, namely that: 1) sources with
internally generated complexity are physically clustered,
2) sources are physically clustered within a medium that
induces complexity, or 3) complexity is induced in oth-
erwise unremarkable polarized background sources by
a physically unrelated, spatially structured foreground
screen. We suggest that our failure to uncover strong
associations between complexity and source characteris-
tics such as specific morphological type (Section 6.3.3),
enhancements in φ (Section 6.4.2), redshift (Section
6.3.5) or multiwavelength counterparts (Section 6.3.4)
is most consistent with sources not being closely phys-
ically related to complexity-inducing Faraday screens,
thus favouring interpretations b) & c) over a) above. This
idea is further supported by the fact that most of our
complex detections are bright (Section 6.3.1), 3/4 are re-
solved (Section 6.3.3), and 90% have α < −0.5 (Section
6.3.2) — all indications of physically extended and / or
nearby sources – since sources with larger angular diame-
ter will intercept more depolarizing cells in remote Fara-
day screens. When considered together, we suggest that
this evidence points to the predominant source of com-
plexity in our sample being depolarization by large scale
foreground screens that are physically unrelated and spa-
tially remote from the sources themselves. In the follow-
ing two sections we examine the leading candidates for
screens of this type — the Galactic interstellar medium
(ISM) and intracluster medium (ICM) in galaxy clusters
— before going on to consider other possible complexity-
inducing mechanisms.
7.2.1. Galactic foregrounds
The Galactic ISM is thought to generate the major-
ity of net Faraday rotation experienced by extragalactic
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Figure 36. Second order structure function for both φpeak (grey
error bars) and φres,peak (black error bars) in the field (i.e. φpeak
both before and after Galactic background subtraction; see Section
6.4.2). The best fit power law model for θ < 1.5◦ is shown as a
red dashed line, while the fits for data at θ > 1.5◦ both before and
after Galactic background subtraction are shown as grey and red
dot-dashed lines respectively.
sources at ∼ 1.4 GHz (e.g. Oppermann et al. 2015). If
this material possesses Faraday structure on sufficiently
small scales, it could also act as a depolarizing foreground
screen.
First we test whether pervasive, turbulent structure in
the Galactic ISM could form such a screen by calculating
the second-order, one-dimensional structure function of
φpeak (e.g. Haverkorn et al. 2006):
SFθ = 2σ
2
φ,ISM (θ) = 〈[φpeak(θ)− φpeak(θ + δθ)]2〉 (19)
where the variance associated with measurement
uncertainty was removed following Appendix A of
Haverkorn et al. (2004).
SFθ for the field is shown in Figure 36. We fitted
separate power law models to the data above and below
the break apparent at θ ≈ 1.5◦ as described in the figure
caption, but data at θ > 1.5◦ are not relevant here
so we discuss them no further. Twice the variance of
the astronomical signal at θ = 1◦ is ∼ 300 rad2m−4.
Subtracting the estimated intrinsic source contribution
of 49 rad2m−4 (Schnitzeler 2010) provides an upper limit
to the Galactic contribution of 2σ2φ,ISM = 202 rad
2m−4.
The best-fit slope to the data at θ < 1.5◦ is 0.49 ± 0.1.
Assuming this slope characterizes the turbulent cascade
to scales less than the angular diameter of a typical
source, we can extrapolate σ2φ,ISM down using:
2σ2φ,ISM (θ) = 202× 100.49 log θ rad2m−4 (20)
The depolarization behaviour can be calculated if the
scale size of the turbulent cells is known. Our results
in Section 6.4.3 show that a Burn depolarization model
(Eqn. 16) describes p(λ2) well for a number of our com-
plex sources. Burn depolarization requires ≥ 10 turbu-
lent cells across a source (Tribble 1991), or turbulent cell
scales of 1.5” – 30” for sources in our sample. From Eqn.
20, σφ,ISM ≤ 1 – 3 rad m−2 at these scales. Given this,
and considering the σφ values required to fit the depo-
larization behaviour of complex sources in our sample
Figure 37. The footprint of the mosaic (red rectangle) overlaid
on images of (clockwise from top left) GASS H I column density
(cm−2), Planck spectral brightness (mJy sr−1), ROSAT X-rays
(counts s−1 arcmin−1 ) and WHAM + SHASSA Hα photon flux
(R). The yellow arrows indicate the direction to the Galactic plane
along a line of constant Galactic longitude. The mosaic sits at the
high latitude limits of the Galactic supershell GSH 238+00+09.
Features probably associated with this supershell can be seen in
both emission and absorption in the maps, including a prominent
‘Y’-shaped feature seen in emission in the H I & Planck images
and absorption in X-rays.
(Section 6.4.3, Table 7), enhancements of > 3σφ,ISM in
the Galactic screen are required. At most a few varia-
tions of this magnitude would be expected to randomly
coincide with the 160 sight-lines towards our polarized
objects, meaning a pervasive Burn screen is unlikely to
be responsible for the complexity we observe. Relax-
ing the Burn criterion of > 10 depolarizing cells across
the source renders the pervasive screen scenario even less
plausible, because the required value of σφ,ISM generally
increases more rapidly than SFθ for Tribble-type depo-
larization.
The remaining possibility is that localized ISM struc-
tures induce Faraday complexity. The mosaic field spans
the Galactic coordinates −58◦ < b < −52◦, 233◦ < l <
243◦. This is a sight line across the long axis of the Local
Bubble, through a tunnel connecting the Local Bubble
with the supershell GSH 238+00+09 (Lallement et al.
2003, Heiles 1998), then out into the lower Galactic halo.
ISM structures along this LOS are shown in Figure 37 as
revealed in H I column density (GASS; McClure-Griffiths
et al. 2009), mm (Planck all sky dust model; Abergel et
al. 2013), X-rays (ROSAT 1/4 keV soft X-rays; Snow-
den et al. 1995) and Hα photon flux (WHAM+SHASSA;
Reynolds et al. 1998, Gaustad et al. 2001, Finkbeiner
2003). Structure is present at each of these wavelengths,
some of which is probably associated with high Galactic
latitude regions of GSH 238+00+09. In Figure 38 (top
panel) we present a 3-color multiwavelength map of the
most prominent ISM structure in the mosaic field: X-ray
emission (blue), H I column density (red) & Hα emission
(green). The X-ray emission suffuses the field, increasing
in strength towards the Northeast, while knotty tendrils
of H I & Hα appear to be anti-correlated in the regions
they occupy — most notably where a wedge of Hα run-
ning North-South through the middle of the field divides
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two regions of higher H I column density to the East and
West.
Galactic H I and Hα have both previously been linked
to RM structure (e.g. Leahy 1987, Heiles & Haverkorn
2012, Foster et al. 2013). Our data also appear to show
some relationship between φpeak and H I / Hα: When
φpeak is plotted on the GASS H I data (Figure 38, middle
panel), sources with large |φpeak| tend to be found in the
immediate vicinity of large H I column densities, while
those with small |φpeak| tend to be found in low H I
column density / Hα dominated regions (by comparison
with Figure 38, top panel). In addition, the complex
sources with enhanced φpeak,res (Section 6.4.2) each lie
on or very close to regions of high H I column density.
It therefore seems likely that Faraday rotation of extra-
galactic sources is related in some way to the presence
or absence of Galactic H I / Hα structures along the
LOS. If this is the case, these same structures might also
act as complexity-inducing Faraday screens. We tested
this idea by extracting the H I column density at 1000
randomly-selected positions in the field, and at the loca-
tions of unpolarized, simple & complex sources. We plot
histograms of the resulting values in Figure 39. While
the random (black), unpolarized (green) & simple (blue)
distributions are all visually similar, the complex dis-
tribution (red line, no fill/unshaded) is clearly narrower
and more peaked. We quantified the differences between
the distributions using 2-sample K-S tests, the results of
which are presented in Table 8. We obtain D (i.e. the
maximum difference between the two normalized empiri-
cal cumulative distribution functions) & p (i.e. the prob-
ability of obtaining D given the null hypothesis) values
of 0.42 & 2 × 10−3 respectively for comparison of the
complex and random distributions and a similar result
for comparison of the complex and unpolarized distribu-
tions. This is a large and statistically significant differ-
ence. No such difference is evident for the unpolarized
vs. random comparison (D= 0.04 & p = 0.62). For the
simple vs. complex, the D value is reasonably large at
0.32, while for the simple vs. random it is quite small at
(D= 0.12). The statistical significance is weak in both
cases however, with a p value of ∼ 0.04. These results
imply that Faraday complexity is preferentially associ-
ated with a particular range in H I column density. The
results for the simple sources are curious — we interpret
these later in this section.
Before proceeding further however, we address two is-
sues that could generate a false result. First, some com-
plex sources are clustered on scales below the 16′ reso-
lution of the GASS image. While complex sources will
obviously cluster around H I structures if these struc-
tures are in fact responsible for inducing complexity, the
clustering will cause the D & p-values to be in error if
this is not the case. To address this, we redid the anal-
ysis after having replaced the individual column densi-
ties of sources located within 16’ of one another with
a single value for the cluster as a whole (extracted at
the positional centroid of the source locations). The H
I column densities of isolated sources were extracted as
before. The histogram of the resulting values is plotted
on Figure 39 as a red step plot (filled/shaded), which
clearly shows the same peaked shape as before. We ob-
tain new K-S test D & p values of 0.43 & 1.6 × 10−2
Table 8
2-sample K-S test statistics and associated p-values comparing
the H I column densities of different source categories, as referred
to in the text. The complex category excludes data for the sole
repolarizing source in the complex sample. The ‘Comp. Clust.’
category refers to the H I column densities extracted from the
positional centroid of source clusters lying within 16′ of one
another, or the position of complex sources for unclustered
sources. The simple and unpolarized samples comprise the H I
column densities extracted at the positions of the simple and
unpolarized source sample used throughout the paper. The
random sample is explained in the main body of the text. Bolded
table entries highlight entries with D values > 0.35 & p-values
< 0.02.
Random Unpolarized Simple
D p D p D p
Complex 0.42 0.002 0.43 0.002 0.32 0.04
Comp. Clust. 0.43 0.016 0.44 0.015 0.33 0.14
Random 0.04 0.62 0.12 0.04
Unpolarized 0.13 0.06
(listed in Table 8 as ‘Comp. Clust.’) — i.e. the re-
sult is confirmed at ∼ 99% confidence, with the D value
even increasing slightly. Second, we verified that the re-
sults were not generated by chance alignments with H I
structure. We took the positions of the random points
and complex sources, shifted them by up to 10 degrees
in random directions, then redid our analysis. After 50
such trials, we obtained a mean K-S test D value of 0.28
with a corresponding p-value of 0.32, while the maxi-
mum D value obtained was 0.35 with a corresponding
p-value of 0.05. These D values (p-values) are substan-
tially lower (higher) than the results we obtain for the
unshifted data.
Thus, a relationship between H I column density and
complexity in our field seems likely. However, rather than
being a direct causal relationship, we suggest that the
1.4× 1020 – 1.65× 1020 cm−2 H I column density range
is characteristic of / acts as a proxy for regions in which
complexity-inducing Faraday screens are present. To
show how this range relates to the broader H I structure
in the field, in Figure 38 (bottom panel) we display the
GASS H I column density map, then overplot contours
at H I column densities of 1.4× 1020 & 1.65× 1020 cm−2
with a blue fill applied between these values. We then
overplot the positions of complex sources. While the
blue-filled region occupies < 35% of the map area, 15
of 19 (79%) of the complex sources fall within it. A
further two sources fall just outside it, both in terms
of spatial proximity on the map and the value of H I
column density at the source position. We propose the
following speculative scenario: The blue-filled region in
Figure 38 (bottom panel) generally traces the edges of
the knotty H I tendrils, and transition regions between
H I and Hα-dominated regions of the mosaic field (Fig.
38 top panel). We suppose that the soft X-ray emission
apparent in the field (possibly originating from the su-
pershell GSH 238+00+09) is ionizing the H I material
and forming turbulent structure on small scales along its
boundaries (e.g. Leahy 1987, Hennebelle & Audit 2007,
Gritschneder et al. 2009, Ntormousi et al. 2011), or
possibly a warm partially ionized phase of the ISM (e.g.
Heiles & Haverkorn 2012, Foster et al. 2013). We can
make a rough estimate of the magnitude of φ that could
be produced in this way following Heiles & Haverkorn
(2012):
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Figure 38. Top: 3-color map of ISM structure in the field. The
black line delimits the mosaic field edge, while red, green and blue
colors correspond to GASS H I column density [cm−2], WHAM +
SHASSA Hα photon flux [R] & ROSAT 1/4 keV X-ray [counts s−1
arcmin−1] respectively (see main text). Middle: GASS H I column
density with Faraday depth / complexity information derived from
our work overlaid. Blue markers represent negative RMs, yellow
markers represent positive RMs, square markers indicate complex
sources while circular markers indicate simple sources. The diame-
ter of the markers is proportional to |φpeak|. Bottom: H I column
density map, blue-filled between contours at 1.4× 1020 cm−2 and
1.65 × 1020 cm−2. The positions of depolarizing complex sources
are indicated with red circular plot markers.
Figure 39. Normalized histograms of H I column densities at the
location of randomly sampled (black), unpolarized (green), simple
(blue) & complex (red line, no fill/unshaded) sources, as well as
complex cluster centroids (red filled/shaded; sample described in
text) for our sample. Note the change in color convention from pre-
vious plots. All but four (three) of the complex sources (complex
cluster centroids) sit in the range 1.4 × 1020 cm−2 – 1.65 × 1020
cm−2, while the distribution of randomly sampled, simple & un-
polarized sources are much broader.
φ= 0.81neB||L
= 26Ne,20B||
≈26xeNHI,20B|| (21)
where ne is electron density in cm
−3, B|| is the LOS
field strength in µG, Ne,20 is the electron column density
in units of 1020cm−2, NHI,20 is the H I column density
in units of 1020cm−2 and xe is the ionization fraction of
the H I cloud. The observed H I column density shows a
difference inNHI,20 between enhanced and sparse regions
of ∼ 1, and we assume B|| = 6 µG. For an xe typical of
the cold neutral medium (CNM) of 0.01, the region is
only capable of generating φ ∼ 1 rad m−2. However, for
an almost fully ionized fraction of xe = 0.9, φ ∼ 150 rad
m−2. It is therefore plausible that magnetized turbulence
in the vicinity of the H I clouds or even smooth gradients
in ionization fraction or B|| could readily produce the φ
structure required to cause complexity we observe.
Based on this physical picture, we now suggest reasons
why we obtained only weak statistical significance for the
simple vs. random and simple vs. complex HI column
density comparison (Table 8). One explanation might be
that all of the simple sources in our field in the vicinity
of ionization fronts are in fact complex, and with better
S/N observations would be detected as such (i.e. see Sec-
tion 7.1). The newly obtained classification would then
reveal no differences in the simple vs. unpolarized vs.
random HI column densities, while the complex sample
would further distinguish itself on this basis. Another
possibility is that small scale turbulent structure in the
ionization front means that sources intercepting these re-
gions are only statistically more likely to become complex
— some simple sources may intercept gaps or relatively
uniform regions in the foreground screen and remain sim-
ple. In this scenario, the spatial distribution of complex
sources would closely trace turbulent ionization fronts,
while simple sources would be randomly distributed in
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space apart from a (possibly small) relative under den-
sity in the vicinity of the ionization front structure. In
either case the simple sources will differ from both the
random and complex distributions, but more subtly than
the random and complex distributions differ from one an-
other.
We caution that these results presented in this section
should be considered as being indicative at this stage.
Our claim can be directly tested by making use of the
high spatial density of polarized sources that will be
detected by upcoming spectropolarimetric surveys. By
analogy with the rotation measure grids that these sur-
veys will generate and use to study large scale structure
in Galactic and other Faraday screens, our findings mean
that ‘depolarization grids’ might allow ionization inter-
faces in the ISM to be studied in unprecedented detail.
7.2.2. Magnetized intercluster medium
Galaxy clusters contain a hot, magnetized intraclus-
ter medium (ICM) that can impose Faraday structure
on embedded sources. Our mosaic field contains the
galaxy-poor Fornax cluster (z ≈ 0.004), a background
cluster at z = 0.1 (Hilker et al. 1999), and possibly a
third cluster at z > 0.3 (Scharf et al. 2005). Based
on their redshift and impact parameter, the complex
sources 033829-352818 (Fig. 11), 033828-352659 (Fig.
18), 033848-352215 (Fig. 4) & 033843-352335 (Fig. 5)
probably reside in the first two clusters, while the source
033754-351735 (Fig. 13) has a small projected distance
from the clusters but lacks a redshift to confirm mem-
bership. Furthermore, 033843- 352335, 033829-352818 &
033754-351735 are among the sources that we identified
as possessing large residual φpeak in Section 6.4.2 (with
φpeak values of 59 rad m
−2, 145 rad m−2 & 165 rad m−2
respectively), which is consistent with them being em-
bedded in a Faraday active ICM.
While there is little information in the literature about
the background clusters, we can estimate the Faraday
dispersion σφ,clust generated by the Fornax Cluster ICM
using a modified version of the Felten (1996) model. The
original model assumes a turbulent magnetized cluster
medium with constant field strength, a single character-
istic length scale for the turbulent eddies and a β profile
for electron density. The modification incorporates the
effect of non-constant B field strength for which B ∝ nγe
(Dolag et al. 2001). The relevant equation is:
σφ,clust =
RB0n0r
0.5
c l
0.5
[1 + (r/rc)2](6ζ−1)/4
√
Γ(3ζ − 0.5)
Γ(3ζ)
(22)
where
ζ = β(1 + γ) (23)
In these equations, R is a factor that depends on the
location of the radio source relative to the Faraday rotat-
ing plasma (e.g. R = 624 for sources behind the cluster;
R = 441 for centrally embedded sources), B is the mean
magnetic field strength in µG, n0 is the electron den-
sity at the cluster centre in cm−3, l is an effective length
scale of a cell in the turbulent ICM, rc is the scale ra-
dius of the cluster and r is the radius of observation (all
in kpc), Γ is the Gamma function, and β is a constant
Figure 40. Plot of the estimated σφ,clust that could be generated
by the Fornax cluster as a function of cluster radius, generated
as described in the main text. The blue lines are for R = 624
(source behind cluster) and the grey lines are for R = 441 (source
embedded in cluster). The vertical red lines indicate the radial
angular separation of sources from the core of the cD galaxy NGC
1399.
that sets the shape of the radial profile of ne. We adopt
observationally-derived values for n0, β, and rc of the
central cooling core, galactic and cluster contributions
(Paolillo et al. 2002), summing the contributions from
each. We then evaluate the model 500 times for R = 441,
B0 selected randomly in the interval [0.5, 2] µG, l selected
randomly in the interval [2, 10] kpc (e.g. Murgia et al.
2004 and refs therein), and γ selected randomly in the
interval [0.5, 1.1] (Dolag et al. 2001), and then repeat
this for R = 629. The σφ profiles in Figure 40 are the
result.
Based on these calculations, σφ,clust is sufficient or in
excess of that required to generate the complexity ob-
served in the relevant sources, assuming the inner scale
of turbulent cells in the ICM is  the linear extent of
embedded sources (or the apparent linear extent of back-
ground sources). At the distance of the Fornax Cluster
the angular scale is 0.083 kpc / arcsec, which corresponds
to a linear extent of embedded sources of ∼ 5 kpc. Esti-
mates for the inner scale of turbulent structure in a typ-
ical ICM range from about 0.1 to a few kpc (e.g. Vacca
et al. 2012). On this basis, some degree of either Burn
or Tribble-type depolarization behaviour is likely to oc-
cur, which would be consistent with the depolarization
behaviour we observe in the cluster-associated sources
in Section 6.4.3. Thus, the ICM of clusters in our field
probably contribute to Faraday complexity, but with the
current observations we are unable to determine the rel-
ative extent of the contribution made by this mechanism
versus that which was proposed in Section 7.2.1. Finally,
we note that depolarizing Faraday screens might also oc-
cur at interfaces between the source and the cluster ICM
(e.g. Rudnick & Blundell 2003, Guidetti et al. 2011).
For our purposes, we consider this to be an effect that is
‘intrinsic’ to the radio source, which we discuss in Section
7.2.5.
7.2.3. Intervening galaxies
The disordered magnetic field components of normal
galaxies can act as foreground Faraday screens (e.g.
Schulman & Fomalont 1992, Kronberg et al. 1992, Ber-
net et al. 2008 & 2012, Farnes et al. 2014b), potentially
Broadband Polarimetry of 563 Radio Sources 39
generating complexity in background sources. Typical
values of σφ,gal inferred from sight lines through these
objects are on the order of 10s – 100s rad m−2; this is
sufficient to produce the complexity we observe, but only
if the expected number of intervenors along the LOS is
also sufficient. Using the prevalence of strong Mg II ab-
sorption systems as a proxy for the expected number of
Faraday active intervening galaxies along the LOS (Ber-
net et al. 2010), the probability of having > 0 intervenors
out to redshift z is described by Poisson statistics:
Pint = 1− e−ν (24)
where
ν =
∫ zsrc
0
dN
dz
dz (25)
dN/dz is the expected number of intervenors along the
LOS. For strong Mg II systems, this is given by Nestor
et al. (2005):
dN
dz
= 1.001(1 + z)0.226×[
exp
( −0.3
0.442(1 + z)0.634
)
− exp
( −6.0
0.442(1 + z)0.634
)]
(26)
We have 21 polarized sources with redshifts. Calcu-
lating Pint towards each of these sources and summing
the results gives the expected number of sources having
intervenors along the LOS. The result is that while 8 of
the polarized objects with redshifts are classified as com-
plex, only ∼ 2.5 intervenors are expected — insufficient
to explain our results. We conclude that this mechanism
is probably not an important contributor to complexity
in our sample.
7.2.4. Cosmic filamentary structure
Recent studies have argued that Faraday depths
through cosmic filaments should be of order 1 rad
m−2, which, when integrated over redshift, can gener-
ate σφ,filament that saturates at 7–8 rad m
−2 (Akahori
& Ryu 2011). This is of the same order as the values
of σφ required to fit the depolarization behaviour of our
sources in Section 6.4.3. However, Akahori & Ryu (2011)
& Akahori et al. (2014) show that only at z  1 does
this variance build up sufficiently at the ∼ few ×10 arc-
seconds scales required to depolarize our sources given
their angular diameter. Since the bulk of our sources ap-
pear to be at significantly lower redshift than this (Table
6), we discount cosmic filamentary structure as a cause
of complexity in our sample.
7.2.5. Intrinsic to source
We consider an intrinsic Faraday screen to be a mag-
netized plasma that either interacts directly with the
synchrotron emitting electrons, or is part of the host
galaxy ISM. VLBI observations routinely observe intrin-
sic screens (e.g. Go´mez et al. 2011, Zavala & Taylor
2004), and such structure has likely been observed using
non-VLBI spectropolarimetry by authors such as John-
ston et al. (2010), O’Sullivan et al. (2012, 2013) and
Farnes et al. (2014a).
The available evidence suggests that the complexity in
033653-361606 (Fig. 14) is likely to be internally gen-
erated. Its inverted spectrum (α = +0.26) implies it is
core-dominated, while its repolarization must be gener-
ated either by multiple Faraday-thin components or a
Faraday thick component. Whilst the source appears
to show faint resolved components surrounding a bright
unresolved core in our source finding image, the resolved
components contribute < 0.5% of the total flux at 1.7
GHz and thus cannot generate the observed degree of
fractional polarization. We are unaware of other struc-
tures along the LOS that could add additional polarized
components, such as radio relics from the clusters in the
region (e.g. Ferrari et al. 2008). Our best fit model of
p(λ2) for this source (Section 6.4.3; Table 7) requires two
polarized components with a difference in φ of ∼ 64 rad
m−2. Since differences of this magnitude are routinely
identified in high resolution observations of AGN (e.g.
Algaba 2013), we suggest that the complexity in this ob-
ject is generated by interference of polarized components
located in the compact inner regions of the AGN itself.
Similar arguments have been made before by Law et al.
(2011) and O’Sullivan et al. (2012), while Farnes et al.
(2014a) have argued that sources of this type might be
commonplace.
Our data are poorly suited to studying the contribu-
tion of internal depolarization to the Faraday complex-
ity of compact sources. This will require object samples
of greater size plus extensive supporting observations at
other wavelengths (e.g. O’Sullivan et al. 2015), which
must be addressed in future work.
7.3. Summary of Section 7
We have discussed the prevalence of Faraday complex
sources and the physical origin of the observed complex-
ity. In Section 7.1, motivated by our result that the
majority of our complex detections were bright sources
(Section 6.3.1), we described an experiment designed to
determine whether S/N effects could explain this result.
We concluded that this was the case, and that it implied
that complex sources may be substantially more common
than the 12% of polarized sources detected as complex
in our sample. In addition, we found that several of our
faint complex sources must radiate a substantially higher
proportion of their emission as complex components (i.e.
Faraday depths removed in φ space from φpeak), other-
wise S/N constraints would have caused the sources to
appear Faraday simple.
We interpreted our results from Section 6 to suggest
that the predominant origin of complexity in our sample
is depolarization by large scale, spatially structured fore-
ground screens. Examining specific scenarios, we found
that pervasive turbulent structure in the Galactic ISM
was insufficient to generate complexity in our sample.
However, we found a large, statistically significant ten-
dency for complex sources to lie in regions possessing H
I column depths of 1.4×1020 – 1.65×1020 cm−2. Noting
that H I column densities in this range appear to trace
interfaces in the ISM between neutral and ionized hydro-
gen structures, we interpreted this result to mean that
H I densities in this range are characteristic of / act as
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a proxy for complexity inducing regions in our field. We
speculated that the complexity inducing screens might
be associated with turbulent interfaces between phases
of the ISM, smooth RM gradients generated by these
same interfaces, or warm partially ionized phases of the
ISM. Noting that the Fornax galaxy cluster (and at least
one background cluster) lies in our field, we estimated
the Faraday dispersion generated by the Fornax ICM,
concluding that it probably contributes to the complex-
ity of at least four of our sources. Finally, we examined
whether cosmic filamentary structure, intervening galax-
ies and internal / intrinsic mechanisms might generate
complexity in our sources. We were able to effectively
rule out the first two possibilities, while our data are
poorly suited to an in-depth analysis of the latter. We
were however able to identify one repolarizing source as a
probable candidate for internally-generated complexity.
8. SUMMARY & CONCLUSIONS
We have presented a spectropolarimetric analysis of
563 radio sources between 1.3 and 2.0 GHz. We used
RM synthesis and the second moment of the rmclean
component distribution to identify Faraday complexity in
these objects. We have also considered whether a range
of different radio and multiwavelength source properties
correlate with Faraday complexity / simplicity, and the
likely nature of the Faraday screens responsible for in-
ducing Faraday complexity. Our principle findings are:
1) Of the 160 polarized sources in our sample, we de-
tect Faraday complexity in 19 (12%), with the additional
polarized emission components contributing an average
of 45% of the total polarized flux. We have shown that
S/N effects limit our ability to detect these sources in up
to 80% of our sample, so the true prevalence of complex
sources is likely to be significantly higher.
2) Faraday complexity between 1.3 and 2.0 GHz at
∼arcminute resolutions is predominantly associated with
bright, partially resolved radio sources possessing steep
spectral index. It appears to be associated with an en-
hancement in φ in a minority of cases. Burn or Tribble
depolarization models generally describe p(λ2) well with
Faraday dispersions in the range 0–50 rad m−2, as do
double Faraday-thin component models in several cases.
We find no evidence to suggest that Faraday complexity
is strongly tied to redshift, specific source morphologies,
or that complex sources are more or less likely than sim-
ple sources to have counterparts in specific wavelength
bands. However, Faraday complex objects show substan-
tial diversity: One object possesses an inverted spectral
index and shows strong repolarization. Oscillatory depo-
larization (as a function of λ2) is found in some sources.
A number have multiple resolved peaks in their FDS, and
several show enhancements in φ well beyond that which
is easy to explain by average Galactic or intrinsic contri-
butions. This diversity implies that Faraday complexity
is a general phenomenon, possibly generated in diverse
cosmic environments.
3) We claim that Galactic Faraday screens may gen-
erate a significant amount of the Faraday complexity we
observe in our sample (at frequencies of 1.3–2.0 GHz and
∼arcminute resolutions). We base this claim on an ob-
served difference (occurring with 99.8% confidence) be-
tween the distributions of Galactic H I column density at
the positions of complex sources vs. randomly sampled
locations in the field. While we caution that these re-
sults should be taken as indicative only at this stage, we
proposed that in our field, the H I column density range
in which the complex sources are predominantly found
mark out regions in which turbulent structures, RM gra-
dients or a partially ionized ISM phase exist at interfaces
between neutral and ionized hydrogen structures. These
structures then act as a depolarizing Faraday screen for
background sources. Galaxy cluster environments also
likely contribute to the complexity of several sources in
our sample. We demonstrated that the φ dispersion of
the cluster ICM should be sufficient to induce complexity
in embedded and background sources if the inner turbu-
lence scale of the ICM is small enough. The inverted
spectrum and strong repolarization of one of our com-
plex sources (033653-361606) suggests that its complex-
ity is caused by interference of polarized components in
the compact inner regions of this AGN.
4) We have demonstrated that RM synthesis & rm-
clean, in combination with the novel method of exam-
ining the second moment of the rmclean component
distribution, is a reliable and powerful method for de-
tecting Faraday complexity in survey-type observations.
In future work we intend to robustly test our claim that
the Galactic ISM is responsible for generating Faraday
complexity in extragalactic radio sources, as well as con-
ducting a search for Faraday complex polarization struc-
ture originating in the immediate environments of AGN
by observing with broader wavelength coverage at higher
frequencies.
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APPENDIX
A. ARGUMENTS FOR THE RELIABILITY OF OUR COMPLEX DETECTIONS
False detections of Faraday complexity could arise for a number of reasons, including calibration inaccuracy / errors,
polarization leakage, imaging artefacts or poor implementation of analysis techniques such as RM synthesis / rmclean.
In this section, we argue that each of these is either unlikely in our data, or has been appropriately considered in our
analysis.
A.1. Calibration
For the following reasons, we consider calibration inaccuracies / limitations to be an unlikely cause of complexity in
our data: 1) Complex sources are distributed throughout the mosaic field (Figure 31): 5 of the 7 separately-calibrated
mosaic days contain complex detections at the 10σ GES level, and all but one of the sub-mosaics (delimited by
the purple dashed lines) contain at least one complex source. 2) The observed complexity are unchanged when the
complex sources are re-imaged using data from the May and June epochs individually. Practically identical errors must
then have been made in the 14 separate sub-mosaics to produce this behaviour. 3) Calibration errors should affect
all sources to a similar extent. Given the amplitude of the complex components observed in our complex sources,
there are numerous unpolarized and Faraday simple sources observed with sufficient S/N to observe these additional
components, yet this is not seen. 4) Complex sources found together within the same sub-mosaic show differences in
the manifestation of their complex behaviour (see for example the differences between sources 034205-370322 (Fig. 3)
and 033653-361606 (Fig. 14) in section 6.2), which is difficult to explain in terms of calibration errors.
A.2. Polarization leakage
At the time of writing, calibration of ATCA CABB data for off-axis polarization leakage is not possible. Instead, we
estimate upper limits on the off-axis polarization leakage using a statistical analysis of our sample sources, as follows:
1) We selected the 100 brightest sources in the field, identified every pointing in which each such source was observed,
then calculated the radial and azimuthal angular position of the source relative to the antenna feeds in each. 2) For
each uv cut in the visibility data for that pointing, we phase-shifted the source to the phase centre and calculated
the average Stokes Q & U visibility amplitudes. Since the polarized source density is less than one per pointing on
average, the foregoing procedure provides a reasonable estimate of the linearly polarized intensities. 3) We extracted
the integrated Stokes I flux of the sources in the image domain, since the total intensity source density precludes a uv
plane analysis. We then divided the values of Stokes Q & U by I, thereby obtaining an estimate of Stokes q & u as
the source rotates through the polarized beam during the observations. 4) We repeated this procedure every 32 MHz
through the 16cm CABB band, resulting in a large number of independent probes of the polarized beam as a function
of frequency and beam position. The only signal common to these data points should be polarization leakage.
We illustrate these results in Figure A1, where the median absolute deviation (MAD) of Stokes q & u is plotted
against λ2 and radial distance from the nearest pointing centre. It is evident that the MAD (and thus the polarization
leakage) increases sharply in severity at high frequencies and large radial separation from the beam centre. However,
there remain isolated regions of enhanced leakage throughout the beam above ∼ 2 GHz. We thus adopt 2.0 GHz as
the upper frequency limit on data considered in this paper.
Having chosen to discard data above 2.0 GHz, we estimated upper limits on the leakage that would sum coherently
when RM synthesis is applied to the imaged data. We applied RM synthesis to each source in our sample, then binned
the sources based on their location in the primary beam, both in terms of angular distance from the phase centre and
azimuthal angle from due North. In each of the 24 resulting bins, we identified the two lowest values of max(|FDScln|)
for |φ| < 1000 rad m−2, then adopted their average as an estimate of the upper limit on leakage within the sector.
The results are shown in figure A2, where we plot the positions of sources used for this calculation in the beam,
representing the upper leakage estimate in each beam sector as a colorscale overlay. Taking the median as a function
of radial angular separation from the pointing centre, leakage is limited to <∼ 0.3% of Stokes I per RMSF beam for
sources < 0.155◦ from pointing centres where 14 of our 19 complex sources are found. At angular separations greater
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Figure A1. Estimated frequency-dependant polarization leakage for individual uv measurements in the ATCA beam, plotted as a function
of λ2 and radial beam position. The leakage estimates were derived as described in the main body of text. The dotted line is the primary
beam HWHM at wavelength λ, while the heavy dashed line is the 2 GHz upper frequency cutoff that we employ for the bulk of analysis
in this paper. The gap in the data for 0.034 < λ2 < 0.04 is due to RFI flagging. It can be seen that the estimated leakage approaches
∼ 10% of Stokes I at a distance of 0.2 degrees from the beam centre at λ2 = 0.01 (3 GHz), but decreases as we observe closer to the beam
centre and at lower frequencies. Despite this overall trend, isolated islands of increased leakage appear above approximately 2 GHz (heavy
dashed line in figure), even relatively close to the beam centre.
Figure A2. A direct measurement from our data giving upper limits on leakage in the imaged data as a function of mosaic pointing
centre-relative source position. For each sector of the beam shown in the figure, the maximum of the cleaned FDS was extracted to yield
the fractional polarization of the radio source. The minimum such value obtained through analysis of all sources in the sector was taken
to be an upper limit on leakage, since leakage cannot give rise to a higher amplitude in the FDS than either real polarized signal or noise
alone. We find that in almost every sector, the upper limit on leakage is typically less than 0.7% of Stokes I where sources bright enough
to probe this deep exist.
than this, we have very few sources with which to perform the estimate, and can only derive a weak upper limit of 1%
of Stokes I in the same way. This demonstrates that only a small amount of leakage adds coherently across the band,
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and that any frequency dependent leakage that is present must get averaged down in the FDS during the application
of RM synthesis.
Could leakage of this magnitude give rise to the complexity we observe? Table 1 contains the fractional polarized
flux found in ‘off-peak’ or ‘complex’ rmclean components for all complex sources — that is, the set of all rmclean
components after excluding the one with the highest amplitude. On average, these components contribute almost half
of the polarized flux of the radio source. After convolving these off-peak rmclean components with the FDS restoring
beam, leakage cannot be responsible for the observed complexity if the amplitude of the resulting FDS is greater than
the leakage limits derived in Section 4.3. We find this the case for all but four of our complex sources: The contribution
to the fractional polarized signal by complex rmclean components exceeds the upper limits on leakage by multiples
of up to ∼ 20 (mean = 5.6, median = 3.7). Thus, the amplitude of the complex polarized emission components in our
complex source sample generally exceeds the local upper estimates on leakage in the beam.
As further evidence that leakage is not the cause of our observed complexity, we note that if a source’s complexity
is caused by leakage, then all other sufficiently bright sources in similar beam positions will also appear complex.
Specifically, if we take such as source and, under rmclean, restore its FDS using only the ‘off-peak’ or ‘complex’
rmclean components, then the magnitude of the leakage is max(|FDS|). All nearby sources which are bright enough
for the rmclean threshold to be set below this value should also then be detected as complex due to leakage. In
Figure A3, we plot the radial and azimuthal position of all sources for which this rmclean threshold criteria is met
that are less than 0.1◦ from a complex source. Data points follow the same marker conventions used throughout this
paper. Clearly, a large number of sources do not show complexity on this plot, again indicating that leakage is not
responsible for the observed complexity.
Figure A3. A plot of d2 versus θ, where d is the distance of the source from the pointing centre and θ is its position angle (East of
North) with respect to the pointing centre. All complex detections are plotted, as are simple and unpolarized sources that 1) have angular
separations less than 0.1◦ to the complex detections, and 2) have fractional polarization rmclean cutoffs set to less than the complex
emission amplitude of complex sources. Plotting symbols are according to the same convention used throughout this paper. Coloured
regions indicate the beam position leakage limits derived in section 4.3. If the Faraday complexity of the complex sources is caused by
leakage, then all sources here are bright enough that they should also be detected as complex. As can be seen, many unpolarized and
simple sources populate the plot, including many sitting at beam positions almost identical to the complex detections. This indicates that
the complexity seen in these sources cannot be due to instrumental polarization leakage.
To conclude our argument, we make the following observations: While polarization leakage is expected to become
more severe off-axis, our assigned Faraday complexity categories show no such trends. We compared the radial and
azimuthal distribution functions of our complex detections vs. both our unpolarized and simple sources using 2-sample
K-S tests. The resulting D and p values for comparison against the simple sources are 0.19 and 0.50 respectively, and
the corresponding values are 0.13 and 0.88 for the unpolarized sources. There is thus no statistically significant
differences between the radial distribution of complex and non-complex sources. The azimuthal dependences also show
no significant differences. Furthermore, we observe sources which depolarize smoothly to p = 0, sources that depolarize
smoothly to some non-zero limiting value of p, sources which re-polarize, and sources that appear to show oscillatory
depolarization. It is unlikely that polarization leakage could produce depolarization behaviour so varied in the same
set of observations.
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A.3. Imaging artefacts
Many types of artefacts can affect aperture synthesis images. While it is impossible to guarantee that any data set
is fully free of such artefacts, we have undertaken numerous consistency checks and experiments that show these are
unlikely to contribute to the complexity that we observe. We provide the following basic tests / arguments to support
this:
• All of our final mosaics were first visually examined for imaging artefacts or RFI. Images showing any problems
were discarded or re-imaged.
• We checked that the mean pixel values of the Stokes Q, U and V clean residual maps was consistent with zero,
and the distribution of pixel values in signal-free regions was well-fit by a Gaussian.
• We cross-checked Stokes q, u & v spectra from adjacent pointings and found them to be consistent with each
other within errors. This indicates that the primary beam correction is accurate and the measured polarimetric
structure of the sources is beam position-independent.
• We confirmed that the α distribution of the sample was independent of beam position, and was consistent with
spectral index distributions derived from similar surveys in the literature. Again, this shows that the primary
beam model is sound, as well as our data reduction, calibration and imaging in general.
• We observed that the Stokes I spectra of sources in our sample were generally well-fit by a power law model,
as expected. We checked that no significant ‘jumps’ were apparent in Stokes I, Q, U or V spectra between
separately calibrated adjacent frequency bins. Inspection of the Stokes I data − Stokes I Model data point
residuals shows some evidence of non-random ‘wiggles’, but generally only at a low level - around ∼ 2 − 5
mJy. Such wiggles could not be the cause of the complexity we observe in most of our objects, since 1) the
frequency scale over which these wiggles occur would place power in the FDS well beyond the range at which the
Faraday complex emission components is generally observed (|φ| > 1000 rad m−2), and 2) the wiggle amplitude
is such that the percentage change they induce in Stokes q & u following the Stokes I model division is generally
negligible compared to the values of Stokes q & u for the polarized sources.
• We have compared the total intensity flux densities of the complex sources and found no difference within the
errors between epochs. Furthermore on empirical grounds, we expect less than 1% of sources to show variability
at 1.4 GHz over ∼month-long time frames — e.g. Mooley et al. (2013) and Ofek & Frail (2011).
A.4. rmclean depth
Deciding whether features in the FDS can be considered statistically significant detections or not is particularly
important for our work, since our method of identifying complexity relies directly on the rmclean components
derived from the FDS features. It is therefore crucial that the lowest rmclean cutoff threshold we adopt is set above
the amplitude to which noise peaks are statistically likely to rise.
The reliability of RM synthesis detections as a function of S/N in the FDS has been assessed before. Brentjens &
deBruyn (2005) show that detection reliability falters at 6σ peak-to-noise, while Macquart et al. (2012) observe the
same effect at 5–6σ peak-to-noise. Converting these numbers to GES values that are independent of experimental
setup yields 4.75σ GES and 5σ GES respectively. Accordingly, in any RM synthesis experiment employing rmclean
deconvolution, the rmclean cutoff should be set above these GES values plus some margin to ensure that noise peaks
in the FDS are not being cleaned.
As explained in section 4.5, we adopt three different cutoffs in our analysis: 6σ GES, 8σ GES & 10σ GES. These
are above the GES-equivalent limits that Brentjens & deBruyn (2005) or Macquart et al. (2012) recommend. We
demonstrate that our data are consistent with their findings in the following way. We took the rmclean components
from Faraday simple sources, multiplied by the inverse of the rmclean loop gain and calculated the GES of the
resulting amplitude / noise ratio, then plotted this against the Faraday depth at which the rmclean components
were found. We deliberately set the rmclean depth to 2σ GES — well below the threshold where detections can be
considered reliable. We plot the results in Figure A4, emulating Figure 4 in Macquart et al. (2012). It is evident
that the Faraday depths are tightly clustered with more or less constant scatter down to ∼ 5σ GES, Between 5σ GES
and ∼ 3.5σ GES, the scatter increases but is not uniformly distributed along the x-axis. It is not clear whether these
points represent genuine low-level peak detections or noise peaks. Below 3σ GES, the points are almost randomly
distributed along the φ axis, and we can therefore state with certainty that noise peaks are being cleaned. It is clear
that 6σ, 8σ & 10σ GES cutoffs are all above the noise regime.
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Figure A4. The GES signal / noise of rmclean components after having been multiplied by the inverse of the rmclean loop gain, plotted
against their Faraday depth. The dot-dash, dashed and solid lines represent the 6σ, 8σ and 10σrmclean cutoffs (respectively) employed in
the work we present in this paper. The rmclean components show nearly constant variance down to just above the 5σ GES level, below
which rmclean components are found at increasingly varied Faraday depths. While some of these points may represent genuine detections,
it is probable that the majority represent noise peaks above the rmclean threshold. It is clear that the cutoffs that we employ in our
analysis occur well above this level, particularly for the 8σ and 10σ GES levels.
